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Photosystem (PS) II is a photochemical oxidoreductase enzyme capable of splitting water and 
initiating photosynthesis. PS II is a multimeric complex. Therefore assembly and repair would 
not be achievable without numerous interactions in a stepwise manner. This thesis investigates 
the role of the highly conserved and well-studied lipoprotein Psb27 in the model 
cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis 6803). Psb27 is an ~11 kDa 
protein that forms a four-helix bundle and has a dual role in both PS II assembly and repair. 
What makes Psb27 unique in Synechocystis 6803 is that the psb27 gene encoding Psb27 
overlaps the slr1646 gene, encoding a putative RNase III, by four nucleotides and hence forms 
a psb27:slr1646 operon. This study focused on characterising psb27 mutant strains created 
using a mutagenesis system that introduced a spectinomycin-resistance cassette as a selectable 
marker within the slr1646 open-reading frame. Fluorescence-based assays were used to study 
PS II function in a series of mutants carrying targeted mutations that modified conserved 
surface residues on Psb27 that were hypothesised to interact with PS II during biogenesis. Two 
charge swap mutants were investigated where Arg54 or Arg94 had been changed to a Glu. The 
R54E and R94E strains exhibited an unexpected high PS II-specific fluorescence yield and 
altered PS II:PS I stoichiometry. A putative interaction between Lys63 of Psb27 and Asp231 
of the PS II chlorophyll-binding core antenna protein CP43 was also studied. During this 
project, several of the strains underwent a secondary mutation in their psbA gene encoding the 
D1 reaction centre protein of PS II. The D1 protein is known to have a high turnover rate to 
enable PS II to recover from light-induced damage that occurs as a result of its water-splitting 
chemistry. The results of this study are consistent with the hypothesis that the psb27:slr1646 
operon has a role in D1 turnover and protection from photodamage in mutants having altered 
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1.1. Photosynthesis: Background 
 
Photosynthesis is responsible for producing and maintaining the oxygen content of the Earth's 
atmosphere. It supplies all of the organic compounds and most of the energy necessary for life 
on Earth. Photosynthesis is the process that converts light energy into chemical energy, a 
common process used by photosynthetic organisms such as; cyanobacteria, algae and higher 
plants. This chemical energy can be later released to fuel the organisms' activities (Allen, 2002; 
Govindjee et al., 2010). Photosynthesis also contributes substantially to plant growth and 
development.  
 
1.1.1. The Importance of Photosynthesis 
 
Photosynthesis is the critical energy source for life on Earth, emphasising an increasing human 
population and the rapid pace of global environmental change. The need to develop and 
improve sustainable energy resources is important due to fossil fuel's finite nature (Zhu et al., 
2010; 2020). In the next three decades, the global demand for food is expected to double 
(Godfray et al., 2010; Beerling et al., 2018). However, crop yield is insufficient to meet this 
demand without tremendous environmental damage. Recent media reports have stated that 
change must occur to mitigate the effects of climate change (Cardona et al., 2018). 
 
Photosynthesis is a viable plant productivity improvement target (Long, 2020) Genetic 
modification is a rapidly adopted crop improvement technology, and technology is the most 
effective when the metabolic control points are targeted (Foyer et al., 2017; Nuccio et al., 
 2 
2017). To ensure photosynthetic activity occurs, it requires extensive cooperation between 
organelles, encompassing coordinated light capture, expression of nuclear and plastid genes, 
biosynthesis of lipids, proteins and pigments, and transport appropriate localisation and 
insertion of components (Foyer et al., 2017). 
 
1.1.2. Photosynthesis: The Process 
 
Photosynthesis can be divided into two separate phases; the light-dependent (thylakoid) 
reactions and the light-independent (stroma/cytosol) reactions. The light-dependent reactions 
occur when light energy is converted into ATP and NADPH, where oxygen is released. The 
dark reactions are when CO2 is fixed into carbohydrates by utilising the products produced by 
the light reactions (ATP and NADPH) (Govindjee et al., 2010; Ashraf and Harris, 2013). There 
are two main pathways of CO2 fixation, which have been named as C3 and C4 photosynthesis. 
Plants are categorised depending on their main pathway of carbon fixation.  
  
However, the photosynthetic process is relatively inefficient. Approximately 75% of solar 
energy is lost during the initial stages of light collect because not all light is used. The light 
becomes reflected or transmitted and becomes wasted as heat (Cardona et al., 2018). Some of 
this energy loss is inevitable or is important for photoprotection. There are potential areas 
where the light reactions' efficiency could be improved and can be utilised.  
 
Excess light absorption can ultimately become dangerous, and the entire photosynthetic chain 
is reduced. Under these conditions, secondary reactions are induced, and the accumulation of 
high energy reactive intermediates is promoted, leading to the production of singlet oxygen 
and oxygen radicals (ROS) (Calzadilla and Kirilovsky, 2020). 
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To effectively utilise photosynthesis in these areas involves understanding the mechanisms and 
the potential for improving the processes involved (Ashraf and Harris, 2013; Höök and Tang, 
2013; Foyer et al., 2017; Niinemets et al., 2017; Nuccio et al., 2017).  
 
1.1.3. Cyanobacteria in Photosynthesis Studies 
 
Cyanobacteria have a massive potential to be utilised in industrial biotechnology to produce a 
wide variety of bio-products. These can range from biofuels to high value bio-active and 
recombinant proteins (Angermayr et al., 2015; Al-Haj et al., 2016). 
 
Cyanobacteria are among the oldest evolutionary organisms (Vermass, 2001). Cyanobacteria 
also represent an extremely diverse, yet also highly specialised group of prokaryotic organisms 
that can be found in a wide variety of environmental habitats (Al-Haj et al., 2016). These 
organisms can perform oxygenic photosynthesis and respiration simultaneously in the same 
compartment. In addition, some cyanobacterial species can fix nitrogen; therefore, they can 
persist and thrive under a wide range of environmental conditions (Vermass, 2001). 
Cyanobacteria are a common model organism for studying oxygenic photosynthesis 
(Kaneko et al., 1996; Al-Haj et al., 2016).  
 
The model organism used for this study is Synechocystis sp. PCC 6803 (referred to hereafter 
as Synechocystis 6803). Synechocystis 6803 is a cyanobacterium capable of taking up 
extracellular DNA using type IV pili (Eaton-Rye, 2011). Synechocystis 6803 is an ideal model 
organism; it is easily transformed and amenable to genetic manipulation. Synechocystis 6803 
can grow photoautotrophically and is also glucose tolerant, allowing heterotrophic growth 
(Williams, 1988; Morris et al., 2014). 
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1.2. Photosynthetic Electron Transport Chain 
 
The photosynthetic electron transport chain in cyanobacteria is nearly identical to that in 
plants. Photosystem I (PS I) and Photosystem II (PS II) are connected through the Z scheme 
that depicts the light-driven electron transfer steps of photosynthesis (Allen, 2002; Hasan and 
Cramer, 2012). PS II uses light energy to split water and to reduce the PQ pool. Electrons are 
transported from the PQ pool to the cytochrome b6f complex and from there to a soluble 
electron carrier (plastocyanin, PC) on the lumenal side of the thylakoid membrane that 
reduces the oxidised PS I reaction centre chlorophyll, P700+. This oxidised form of the 
reaction centre chlorophyll is formed by a light-induced transfer of an electron from PS I to 
ferredoxin (Fd) and eventually to NADP+. Reduced NADP can be used for CO2 fixation (Mi 
et al., 1992; 1994). Photosynthetic electron transfer leads to the production of a proton 
gradient across the thylakoid membrane. In PS II, protons are released into the lumen upon 
water splitting, and protons released upon plastoquinol (PQH2) oxidation by the cytochrome 
b6f complex are released into the lumen as well. The proton gradient across the thylakoid 
membrane is used for ATP synthesis by the ATP synthase in the thylakoid; this ATP may be 






Figure 1. 1. Diagram of photosynthetic electron transport chain in the thylakoid membrane. 
Different complexes are participating in electron transport. The absorption of light would 
release an electron from the P680 in PS II. Translocation of H+ ions leads to the build-up of a 
proton gradient, utilised by the ATP synthase (PDB:4B2Q) for the production of ATP. PS II 
(PDB:4UB6) passes the electron to the cytochrome b6f complex (PDB:4H44) through the 
cycling of plastoquinone (PQ)/plastoquinol (PQH2). Electron is then passed on to PS I (PDB: 
1JB0) through plastocyanin (PC) (PDB:2CJ3). Nicotinamide adenine dinucleotide phosphate 
(NADP) is reduced by ferredoxin-NADP+-reductase (FNR) (PDB:1EWY) to NAD(P)H. Under 
certain conditions the electron released by the PS I is passed on to FD (ferredoxin) 
(PDB:1EWY) and recycled back into PS I, resuming the cyclic electron transport. Adapted 




Cyanobacteria contain a large membrane-extrinsic complex, the phycobilisome (PBS) 
(Watanabe and Ikeuchi, 2013). The PBS consists of stacks of pigment-containing proteins 
called phycobiliproteins which absorb light energy and funnel it with extremely high efficiency 
to a terminal emitter protein (Mullineaux, 2008). This terminal emitter can then pass the light 
to attached photosystems (PS II or PS I) (Zuber, 1986; Zhang et al., 2017). Recent data suggests 
that the PBS binds to PS II and PS I simultaneously, forming mega-complexes of all three 
protein complexes, allowing for efficient energy transfer (Wantabe et al., 2014). The 
nanometre-scale rearrangements in the super-complex can alter the excitation energy flow from 
PS II to PS I or vice versa. Alterations in the flow of energy from the PBS to the photosystems 
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are call state transitions. They can balance PS II and PS I photochemistry rates when light 
quality changes cause an imbalance in PS II and PS I activity (Chukhutsina et al., 2015).  
 
 
1.3. Photosystem II 
 
PS II is functionally and structurally similar in the chloroplasts of higher plants and 
cyanobacteria (Williams, 1988). PS II is embedded in the thylakoid membrane, which catalyses 
the oxidation of water and reduces plastoquinone in plastids and cyanobacteria. The mature 
photosystem is dimeric and able to form super-complexes with a range of pigment-binding 
antenna proteins (Fig. 1.2; Govindjee et al., 2010; Eaton-Rye and Sobotka, 2017).  
  
Formation of the multi-subunit oxygen-evolving PS II complex involves several additional 
protein factors. The PS II monomer features 17 transmembrane protein subunits, three 
peripheral proteins and about 80 cofactors. The transmembrane reaction centre (RCII) subunits 
D1 and D2 are essential for binding cofactors involved in primary charge separation, and the 
subsequent electron transfer (Diner et al., 2001). The CP43 and CP47 proteins lie adjacent to 
the D1 and D2 proteins, and chlorophyll a molecule bound by CP43 and CP47 act to relay 
excitation energy from peripheral light-harvesting complexes to the reaction centre. The 
chlorophyll-containing CP47 and CP43 inner antenna complexes that deliver energy from the 




Figure 1. 2. Crystal structure of PS II complex from Thermosynechococcus vulcanus view 
along the thylakoid membrane (PDB: 4UB8). Core proteins of PS II are highlighted; D1 (red), 
D2 (yellow), CP43 (blue) and CP47 (green). Various low molecular-weight (LMW) proteins 
are also shown (pink). The figure is generated using PyMOL (DeLano, 2001). 
 
1.4. Biogenesis of Photosystem II 
1.4.1. Photosystem II Assembly  
 
PS II assembly is a highly ordered and coordinated process, and large numbers of accessory 
factors are involved in forming this multiprotein complex and incorporating the various 
cofactors (Nickelsen and Rengstl, 2013). PS II assembly is in the same order in cyanobacteria 
and chloroplasts, reflecting the high degree of conservation and the fine-tune coordination of 
this process (Fig. 1.3).  
 
The early phase of PS II assembly begins with the RC complex, an intermediate subcomplex 
which consists of D1, D2, cytochrome b559 (Cyt b559) and PsbI. Its formation represents the 
endpoint of the early phase of PS II biogenesis initiated by Cyt b559 synthesis as a precondition 
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for D2 accumulation via the formation of a D2-Cyt b559 subcomplex (Komenda et al., 2004; 
Komenda et al., 2012b). This complex then serves as a platform for incorporating a dimer 
comprising the D1 precursor (pD1) and PsbI (Dobáková et al., 2007). PsbI was independently 
formed upon the integration of D1 into the membrane. During the RC complex formation, pD1 
is processed at its C terminus by CtpA (C-terminal processing protease), yielding mature D1. 
 
The RC complex is converted into the RC47 complex, containing the inner-antenna protein 
CP47 but not CP43. In cyanobacteria, CP47 is first integrated into the membrane separately 
and forms a precomplex with several low-molecular-mass PS II subunits: PsbH, PsbL and 
PsbT. Subsequently, RC47 incorporates a preformed complex that in cyanobacteria comprises 
CP43 (second inner-antenna protein) along with PsbK, PsbZ and Psb30. Assembly factor 
Psb27 can help stabilise unassembled CP43 and assists its integration into the RC47 complex 
(Liu et al., 2011). Upon attachment of CP43, PS II can provide all the amino acid residues 
required to make the oxygen-evolving Mn4CaO5 cluster through photoactivation (Dasgupta et 
al., 2008). The extrinsic subunits; PsbO, PsbP, PsbQ, PsbU and PsbV, stabilise the Mn4CaO5 
cluster attach at the lumenal side in cyanobacterial PS II (the lumenal polypetides differ in 
eukaryotes). The active PS II in the thylakoid membrane then forms dimers (Fig. 1.3). Then, 
the peripheral antennae are attached to the core complex and the PS II super-complex assembly 






Figure 1. 3. Proposed model for de novo assembly. Assembly involves the stepwise formation 
of the four pre-assembly complexes coupled with chlorophyll a synthesis. Attachment of the 
oxygen-evolving complex (OEC) and extrinsic proteins gives rise to the active monomer that 





Outer light-harvesting complexes absorb visible light and funnel excitation energy to the 
reaction centre of PS II, where charge separation occurs. The reaction centre comprises 
chlorophyll, pheophytin and quinone molecules arranged about a twofold symmetry axis. The 
radical cation generated upon charge separation, P680, is predominately associated with two 
chlorophyll molecules referred to as PD1 and PD2 (Fig. 1.4A). The photochemically generated 
electron is passed in succession to the pheophytin (PheoD1) and subsequently to the bound 
plastoquinone (QA), increasing the electron distance and stabilising the charge-separated state. 
Reaction centre photochemistry occurs on a picosecond to nanosecond time scale. 
 
1.4.2. The Oxygen-Evolving Complex 
 
The active site of water oxidation is the oxygen-evolving complex (OEC), also known as the 
Mn4CaO5 cluster. The Mn4CaO5 cluster is bound in a pocket formed by the residues of the D1 
protein and the CP43 complex in the thylakoid membrane's lumenal surface (Shen et al., 2015). 
The Mn4CaO5 cluster contains three manganese ions and one calcium ion that forms a 
heterocubane structure. These ions are bridged by four monooxygens, one of which bridges to 
a fourth manganese ion that is suggested to bind the water molecule during the water-splitting 
reaction (Ferreira et al., 2004; Umena et al., 2011; Vinyard et al., 2019). The distorted shape 
represents one of the most significant features of the Mn4CaO5 cluster structure; the unstable 
(or flexible) nature of this complex enables the cluster to easily undergo structural 
rearrangements during the S-state cycle (Shen et al., 2015). This cluster transitions through a 
series of oxidation states deemed the S-states (S0 – S4) (Fig. 1.4B) (Kok et al., 1970). The 
ligands involved to make the Mn4CaO5 cluster are formed from amino acid side chains from 






Figure 1. 4. The redox-active co-factors in the D1 and D2 protein showing the pathway of 
electron flow and S-states of the OEC. (A) Electron transport chain of PS II linking reaction 
centre photochemistry to the site of the water splitting catalysis. The D1 Protein is shown in 
light grey with the location of the OEC, tyrosine 160 (YZ), the P680 reaction centre, pheophytin 
(Pheo), two plastoquinones, QA and QB, with the bound bicarbonate (BCR) ligand to the non-
heme iron, the D2 Protein is in dark grey (PDB:4UB8) (B) The catalytic (Kok) cycle of the 
cofactor showing the sequence of the electron and proton withdrawals and different oxidation 
states of manganese (Mn) in the OEC. Adapted from Cox et al. (2015).  
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1.4.3. The DE Loop of D1 
 
In the D1 protein, the loop region located between the D and E helices (DE-Loop) is the most 
frequently damaged part of PS II (Ohad et al., 1984; Mattoo et al., 1989). DE loop mutants 
have a large range of phenotypes, including accelerated degradation in low light conditions and 
slowed rates of electron transfer on the acceptor side (Nixon et al., 1995; Mulo et al., 1997).  
 
1.4.4. Photosystem II Repair 
 
A feature of PS II is its sensitivity to light-mediated damage or photoinhibition. A unique 
feature of PS II is its high rate of turnover. When PS II gets damaged under normal 
photosynthetic conditions, the protein complex is partially degraded and then reassembled 
(Aro et al., 1993; Keren et al., 1997; Burnap, 2004). Consequently, under steady-state 
conditions, the PS II population in a cyanobacterial cell or a chloroplast or a chloroplast is a 
heterogeneous mixture of fully active and partially assembled complexes (Thornton et al., 
2004).  
 
Damaged PS II can be repaired through the PS II repair cycle. The damaged protein subunit, 
mainly the D1 subunit, is selectively replaced by a newly synthesised subunit and PS II 
reactivated. The current model suggests subsequent to damage (Fig. 1.4), dimeric PS II 
partially disassembles and damaged D1 is removed from a monomeric PS II sub-complex 
lacking the lumenal extrinsic protein CP43 complex. Once damaged D1 has been replaced, 
active dimeric PS II complexes are reassembled following reattachment of CP43 and the 
extrinsic subunits (Boehm et al., 2012a). Photoinhibition is a factor known to limit crop yield, 
especially when plants are exposed to other abiotic stress types. A crucial step in PS II repair 
is the recognition and degradation of the damaged D1 subunit (Boehm et al., 2012b).  
 13 
Photodamage to PS II is attributed either to excessive excitation of photosynthetic pigments or 
by direct light absorption by the Mn4CaO5 cluster (Zavafer et al., 2017). Even though the 
detrimental effect of light in plants has been recognised for more than a century, the ultimate 




Figure 1. 5. Proposed model for repair of PS II. The repair process is induced due to radiation 
damage to the D1 protein. The D1 protein during photolysis of water is damaged, potentially 
by direct absorption of light by the Mn or by the formation of the ROS due to excessive light 
causing a donor-side limitation leading to the formation of P680+ which causes damage to the 
neighbouring amino-acid residues. To maintain the photosynthetic efficiency, PS II undergoes 
the repair process that involves the selective removal of damaged D1 and insertion of a newly 
synthesised D1. Adapted from Mabbitt et al. (2014).  
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1.5. Lipoproteins of Photosystem II 
 
Proteomic and phylogenetic studies on cyanobacterial strains have provided a plausible link 
between the extrinsic protein compositions of PS II centres across phyla. Extrinsic polypeptides 
belonging to the lumenal face of PS II have been identified that were not present in the current 
X-ray-derived structures (crystal structures). These lipoproteins are absent in the crystal 
structure of PS II. It is difficult to interpret their role due to their low abundance, transient 
nature or instability (Cormann et al., 2014). These lipoproteins have homologues in PS II 
complexes from higher plants; these include a PsbP-like protein, a PsbQ-like protein and 
Psb27. Furthermore, they are predicted to attach to the thylakoid membrane via a lipidated N-
terminus, unlike their other counterparts (Fagerlund and Eaton-Rye, 2011).  
 
 
Figure 1. 6.  Proposed docking sites of the lipoproteins of PS II (PBD 4UB8) in Synechocystis 
6803. The solution structures of the lipidated extrinsic proteins; Psb27 (PBD 2KMF), CyanoP 
(PBD 2LNJ) and CyanoQ (PBD 3LS1) are shown with arrows with their proposed docking 




Psb27 is an 11-kDa thylakoid lumen-localised lipoprotein and is both involved in de 
novo assembly and repair (Fig. 1.7). Psb27 is the most widely studied biogenesis factor. 
Cyanobacterial Psb27 was first identified as a lumenal lipoprotein that binds transiently to PS 
II intermediates during both de novo assembly and repair. Psb27 has been proposed to prevent 
premature binding of the extrinsic PS II subunits and enable proper processing of D1 and 
subsequent assembly of the Mn4CaO5 cluster (Roose and Pakrasi, 2008; Avramov et al., 2020). 
Psb27 acts as a molecular chaperone that stabilises complexes and coordinates their assembly 
during biogenesis (Nickelsen and Rengstl, 2013). Psb27 interacts with the CP43 pre-assembly 
complex and assists in its integration into RC47 complexes, and likewise with PS I.  
 
 
Figure 1. 7. Solution structure of the ribbon representation of Synechocystis 6803 Psb27 (PDB: 
2KMF). Psb27 consists of 4 α-helices. The helices are coloured in the figure; α1 (blue); α2 
(magenta); α3 (lime green); α4 (yellow). The structure was created from the solution structure 
of Psb27 (Mabbit et al., 2009).  
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Cyanobacterial Psb27 consists of an N-terminal signal peptide which contains a conserved 
cysteine residue (Fagerlund and Eaton-Rye, 2011). The N-terminal lipid modification of Psb27 
was proposed to help tie the protein with the thylakoid membrane, but this feature is absent in 
Psb27 from higher plants (Nowaczyk et al., 2006; Xingxing et al., 2018). The structure of 
Psb27 is absent from the final crystal structures of PS II (Umena et al., 2011). The solution 
structure has been resolved independently in cyanobacteria (Cormann et al., 2009; Mabbitt et 
al., 2009; Michoux et al., 2012), and in higher plants (Xingxing et al., 2018).  
  
Mapping the binding site of Psb27 on PS II would uncover the mechanism of Psb27 in 
cyanobacteria. Nuclear magnetic resonance (NMR) was used to determine the structure of 
Psb27 (Cormann et al., 2009; Mabbitt et al., 2009; Michoux et al., 2012). The putative 
interaction between Psb27 and CP43 was supported by cross-linking experiments (Liu et al., 
2011; 2013 Komenda et al., 2012a; Cormann et al., 2016; Zabret et al., 2020). Isolated PS II 
assembly intermediates containing Psb27 compounds from T. elongatus and Synechocystis 
6803, can either have considerable amounts or no trace of PsbO, PsbV, and PsbU thereby 
insinuating that Psb27 has a role in the assembling the Mn4CaO5 cluster (Roose and Pakrasi, 




An interesting feature of the Synechocystis 6803 psb27 gene is that the slr1645 gene (encoding 
Psb27), overlaps slr1646 by four nucleotides. The slr1646 gene encodes a putative 
ribonuclease (RNase) III. RNases are known for their role in RNA processing, and the post-
transcriptional regulation of mRNA in prokaryotes, especially mRNA turnover. The 
knowledge obtained on mRNA turnover is mostly from Escherichia coli and Bacillus 
subtilis (Anderson and Dunman, 2009). Relatively little is known about the components and 
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mechanisms involved in mRNA turnover in cyanobacteria (Cameron et al., 2015). 
Bioinformatic analysis revealed that Synechocystis 6803 contains homologs of E. coli and B. 
subtilis RNA-degrading machinery including RNase III. In E. coli, the RNase III homolog is 
not essential for growth under standard conditions (Apirion and Watson, 1978; Cameron et al., 
2015). In B. subtilis, the RNase III homolog is essential for growth (Herskovitz and Bechhofer, 
2000; Durand et al., 2012). Comparatively, in Synechococcus sp strain PCC 7002, 
hereafter Synechococcus 7002, the three homologs of RNase III are deemed non-essential 
under standard growth conditions (Gordon et al., 2018).  
 
1.6. Fluorescence Based Experiments 
 
Chlorophyll a fluorescence induction is a widespread method used in photosynthesis research 
(Campbell et al., 1998; Lazár, 1999; Hanelt, 2018). Fluorescence signals can be used to rapidly 
screen mutants or transgenic colonies and cultures and track physiological processes during 
gene regulation experiments. Following chlorophyll excitation, photosynthesis (and 
particularly PS II activity) can be followed by measuring the chlorophyll a fluorescence 
response with specialised instrumentation systems (Fernandez-Jaramillo et al., 2012). Kautsky 
and Hirsh discovered a time-dependent fluorescence when they observed an increase in 
fluorescence intensity when dark-adapted photosynthetically active samples were illuminated. 
PS II is the only viable contributor to variable fluorescence (Lazár et al., 2006). Since PS II is 
the primary target of many environmental stresses, chlorophyll a fluorescence is commonly 
used to determine the quality of growth conditions, particularly in precision agriculture. 
Fluorescence-based assays are a tremendous experimental tool due to their non-invasive nature 
and the quick acquisition of data.  
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1.6.1. Fates of Fluorescence Excitation Upon Illumination 
 
The original observation by Kautsky and Hirsch (1931), that by transferring a photosynthetic 
organism from a period of dark adaptation onto an onset of actinic light, led to the recognition 
that the resulting transient fluorescence signal could be used to probe the light-driven function  
of photosynthesis. This rise in fluorescence yield has subsequently been widely studied and 




Figure 1. 8. Fates of fluorescence. Excitation energy can undergo one of three pathways. One, 
it can be used for photochemistry; two, excess energy can be dissipated as heat; or three, it can 
be re-emitted as light, i.e. fluorescence. 
 
The excitation energy absorbed by chlorophyll molecules can undergo one of three paths (Fig. 
1.8) (Maxwell and Johnson, 2000; Murchie and Lawson, 2013). These three processes occur 
in competition with one another. Therefore, the preference for one of the three fates will 
decrease the yield for the other two. Information inferred from the yield of chlorophyll 
fluorescence provides information about photochemistry's efficiency and the heat dissipated 





1.6.2. Low Temperature (77 K) Fluorescence Emission 
 
At lower temperatures (77 K), the other excitation paths are disrupted, leading to an increase 
in fluorescence emission (Lamb et al., 2018). Low-temperature fluorescence spectroscopy can 
also detect PS II emissions and contributions from PS I and the PBS antennae. The relative 
fluorescence obtained from these emissions provides insight into the relative stoichiometry 
between these complexes.  
 
Low-temperature fluorescence emission spectroscopy can be used to follow the distribution of 
excitation energy between PS II and PS I as regulated by PBS complex. The preferential 
excitation of one photosystem is compensated by the redistribution of the absorbed excitation 
energy between the two photosystems. This excitation energy redistribution process between 
PS II and PS I is termed state transitions and can be followed by measuring the relative 
fluorescence emission from PS I and PS II (Bruce and Biggins, 1985). Any adjustment to the 
stoichiometry is a mechanism to maintain the turnover balance to the two photosystems to 
ensure electron flow from PS II to PS I for efficient electron transport (Murakami and Fujita, 
1991; Minagawa, 2011). 
 
1.6.3. Room Temperature Variable Chlorophyll a Fluorescence Induction 
 
Chlorophyll a fluorescence is a non-invasive, powerful and sensitive tool to study 
photosynthetic electron transfer. The quantum yield can provide insight into subtle changes in 
the photosynthetic apparatus (Stribet et al., 2014; 2018; Küpper et al., 2019). PS II is the main 
contributor to the fluorescence emitted at room temperature, with little contribution from PS I 
and the PBS (Govindjee, 1995; Murchie and Lawson, 2013). Specifically, 
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chlorophyll a fluorescence provides a detailed insight into electron transfer in the acceptor side 
of the reaction centre of PS II.  
 
To measure the fluorescence induction at room temperature in cyanobacteria (or in plants and 
algae) the cells (or tissues) are first dark adapted. Upon excitation the initial fluorescence level 
is termed, Fo or O for origin. When the primary quinone electron acceptor (QA) is reduced any 
subsequent excitation of PS II is unproductive because a second electron from excited 
chlorophyll cannot pass to QA until it becomes re-oxidised by the secondary quinone electron 
acceptor QB. As a result PS II centres where QA is reduced give rise to fluorescence as excited 
chlorophyll returns to its ground state in those centres. In continuous light the Fo fluorescence 
level rises to an inflection known as the J level which represents the steady-state population of 
reduced QA in the PS II centres in the sample. Upon reduction of QB, that accepts electrons 
from the reduced QA, the reduced QB exchanges with an oxidised quinone from a pool in the 
thylakoid membrane. While the pool contains oxidised quinone the J level remains constant 
but once all the pool is reduced the total population of QA in the sample (one for each PS II 
present) all become reduced and the fluorescence rises to a maximum level. The point of the 
upturn is termed the I level and the maximum fluorescence is referred to either as the maximum 
level (FM) or as the plateau or P level (Vermaas, 1995). An example of a fluorescence induction 
trace is shown in Figure 1.9A. 
 
After the P level, the fluorescence signal drops. The decline in the fluorescence signal is related 
to physiological process that utilise the ATP and NADPH produced by the electron transport 
chain. As ATP and NADPH are utilised, PS I can oxidise the reduced plastoquinone pool 
allowing electrons to move forward from reduced QA. Hence the fluorescence signal can 
provide information of physiological processes that affect many aspects of metabolism and 
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carbon fixation such as changing light levels and the impact of environmental stress factors 
(Stirbet and Govindjee, 2011; 2012).   
 
A number of commercial herbicides, including 3-(3,4-dichlorophenyl)-1,1-dimethylurea 
(DCMU) block the binding of QB. In the presence of a herbicide, all of the PS II centres in the 
sample rapidly accumulate reduced QA and reach the FM level. As a result the FM level in the 
presence of DCMU (or other PS II-specific herbicides that block QB binding) provides a 
measure of the total number of active PS II centre in the sample (Stirbet and Govindjee, 






Figure 1. 9. Explanation of chlorophyll a fluorescence induction curve for wild type. (A) 
Fluorescence induction results with no addition, emphasising the OJIP transient curve. (B) 
Diagrammatic explanation of electron flow in the PS II reaction centre. Black arrows indicate 
the path of electron flow from P680, to Pheo, to QA and eventually to QB. (C) Fluorescence 
induction results with the addition of DCMU. (D) Diagrammatic explanation of electron flow 
in the PS II reaction centre with the inhibition of DCMU. Black arrows indicate the path of 
electron flow from P680, to Pheo, and then to QA. The red cross emphasises the block in 









1.6.4. Room Temperature Chlorophyll a Fluorescence Decay  
 
The decay of variable fluorescence following a saturating actinic flash can provide kinetic 
information on the rate of electron transfer from QA to QB or (if the centre is blocked by 
DCMU) the rate of oxidation of QA by the back reaction with the positive charge on the donor 
side following the actinic flash. To perform these measurement an intense actinic flash is 
applied that reduces all QA in the sample. This is followed by a series of weak “measuring 
flashes” at specific time intervals after the actinic flash. If the measuring flash is given very 
soon after the actinic flash the fluorescence obtained is high due to the majority of centres still 
possessing reduced QA from the actinic flash. If the time delay for giving the measuring flash 
is long all reduced QA will have transferred their electron to their corresponding QB and the 
measuring flash will produced a low fluorescence signal such that if all QA are oxidised this 
low fluoresce would be equal to Fo.  An example of fluorescence decay traces in the presence 




Figure 1. 10. Explanation of chlorophyll a fluorescence decay normalised trace for wild type. 
(A) Fluorescence trace without treatment (B) Diagrammatic explanation of electron flow in the 
acceptor side of the PS II reaction centre. Black arrows indicate the path of electron flow from 
the P680 molecule, to the Pheo, to QA and ultimately to QB. (C) Fluorescence trace with the 
addition of DCMU. (D) Diagrammatic explanation of electron flow in the donor side PS II 
reaction centre. Black arrows indicate the path of electron flow from the P680 molecule, to the 
Pheo, and to QA. The red cross emphasises the block in electron transfer due to inhibition by 








1.7. Aims of The Project 
 
This study aimed to investigate the role of Psb27 in PS II biogenesis which utilised the method 
of chlorophyll a variable fluorescence. The project investigated the role of the psb27 gene and 
the effect of introducing point mutations using the model organism Synechocystis 6803. Three 
aspects were considered: (1) The role of specific surface charged residues and their role in 
Psb27 function; (2) the importance of the 4-bp overlap between psb27 and slr1646 since these 
two genes are found in one operon in Synechocystis 6803, and (3) the relevance and importance 





2.0. Materials and Methods 
 
 
2.1. Chemicals and General Notations 
 
 
Standard microbial sterile techniques under PC2 containment were used in this study. Sterile 
conditions were maintained by utilising the laminar flow food when appropriate (BTR 
Environmental, Australia). All solutions and reagents were made using deionised water from a 
Millipore Milli-Q Plus® water system (Millipore, USA) with a maximum resistivity of 18.2 
MΩ at 25°C. Materials were autoclaved at 15 psi for 20 min. All percentage measurements are 






Table 2.1 contains the primers used to confirm Psb27 mutant strains. Table 2.2 contains the 
primers used in the ∆Psb27* and control* strains to find the secondary spontaneous point 
mutation change.  
 
















SpecR_seq_US CGGATGTTGCGATTACTTCGCCAAC  
SpecR_seq_DS CTGCTCGCGCAGGCTGGGTGCCAAG  
 
 
2.2. Maintaining Microbial Growth Cultures 
 
2.2.1. Synechocystis 6803 
 
Cyanobacterial strains were cultivated on BG-11 (blue-green) agar plates containing glucose, 
atrazine and appropriate antibiotics. The cells were re-streaked every two – three weeks to 
maintain healthy growth. The plates were maintained at 30 °C under constant illumination at 
either 5 µE-2.s-1  
 
Liquid starter cultures were grown in modified Erlenmeyer flasks were used to cultivate the 
cells in liquid BG-11 cultures of 150 or 300 mL (Eaton-Rye, 2011). The liquid cultures are 
grown mixotrophically containing glucose (5 mM), appropriate antibiotics (described below) 
and 20 µM atrazine to inhibit PS II. Aquarium pumps with Millex FG50 filters (Millipore, 
France) were used to supply cultures with air. Liquid cultures were inoculated by scraping cells 
from a culture plate and inserting them into a flask. Liquid cultures were maintained at 30 °C, 
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with constant illumination of 3 or 30 µE-2.s-1 illumination. The cultures were started after 3 
hours of acclimation by starting the aeration. Freezer stocks of cyanobacterial culture were 
prepared by suspending cells (grown in liquid starter cultures) harvested by centrifugation at 
2,760 g for 10 min in BG-11 liquid medium supplemented with 15% glycerol. 
 
BG-11 media (100x) without iron, phosphate and carbonate: 1.76 M Sodium nitrate (NaNO3); 
30.4 mM magnesium sulfate heptahydrate (MgSO4.7H2O); 24.5 mM calcium chloride 
dihydrate (CaCl2.2H2O); 2.86 mM citric acid (C6H8O7); 0.22 mM disodium 
ethylenediaminetetraacetate (NaEDTA), pH 8.0; 10% (v/v) trace minerals.  
 
Trace minerals: 42.26 mM H3BO3; 8.9 mM MnCl2.4H2O; 0.77 mM ZnSO4.7H2O; 24.5 mM 
CuSO4.5H2O; 0.17 mM Co(NO3) 2.6H2O. 
 
BG-11 Liquid Media: 1 x BG-11 (without iron, phosphate and carbonate); 6 µg/mL ferric 
ammonium citrate, 20 µg/mL Na2CO3; 13.05 µg/mL K2HPO4. 
 
BG-11 agar solid medium for plates: 1x BG-11 supplemented with 10 mM TES-NaOH buffer 
(pH 8.2); 0.3% sodium thiosulfate; 1.5% bacteriological agar (Applichem, Germany); 20 µM 
atrazine (dissolved in methanol, stored in -20 °C), 5 mM glucose. 
 
Antibiotics: the final concentration of antibiotics in the growth medium was; spectinomycin 
(25 µg.mL-1), chloramphenicol (15 µg.mL-1). The antibiotic stocks were prepared by dissolving 




2.2.2. Escherichia coli 
 
 
E. coli cultures were grown in liquid LB (lysogeny broth) or on solid LB agar plates. The 
cultures were grown at 37°C with appropriate antibiotics. Appropriate antibiotics were added 
at a final concentration of; ampicillin (25 µg.mL-1), chloramphenicol (50 µg.mL-1) and 
spectinomycin (50 µg.mL-1). The ampicillin and spectinomycin stocks were dissolved in water 
and filter sterilised. The chloramphenicol stock was dissolved in ethanol and filter sterilised. 
 
LB media: 1% bactotryptone, 0.5% yeast extract, 1% NaCl and 1.5% agar (for solid media) 
 
2.3. Molecular Biology Techniques  
 
2.3.1. gDNA Extraction 
 
Cells were scraped from BG-11 agar plates were suspended in 500 µL STET buffer pH 8.0. 
Cells were frozen in – 80 °C and heated at a 70 °C heat block. Lysozyme was added to digest 
the cell wall, at a final concentration of 10 mg.mL-1, and incubated at 37 °C for 3 h. To denature 
the proteins in the cell, 20% SDS was added and mixed through. Followed by 1 h incubation 
at 37 °C. Cell debris and protein were separated by mixing with equal volume of phenol, then 
centrifuged at 13 000 g for 5 min. The upper aqueous phase is transferred to a new tube, then 
the DNA is extracted by an equal volume of 1:1 phenol: chloroform and centrifuged at 13 000 
g. The aqueous phase was separated and mixed with equal volume of chloroform and 
centrifuged at 13 000 g for 5 min. Genomic DNA was precipitated from the upper aqueous 
phase by adding and mixing a tenth of a volume of 3 M sodium acetate, followed by an addition 
of 6/10 of a volume of isopropanol and an overnight incubation at -20 °C. DNA was pelleted 
by centrifugation at 13 000 g for 25 min at 0 °C. The supernatant is discarded, then the pellet 
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was washed with cold 70% ethanol, and dried using a heat block at 37 °C. The dried pellet was 
then dissolved in 20 µL of MilliQ water and stored at -20 °C.  
 
STET Buffer: 100 mM NaCl, 50 mM Tris, 10 mM EDTA, 0.5% Triton X-100, adjusted to pH 
8.0 using HCl 
 
 
2.3.2. Polymerase Chain Reaction  
 
Standard PCR was performed as per the manufacturer’s instructions in 25 or 50 µL volumes. 
All reactions were carried out in a MasterCycler Gradient thermocycler (Eppendorf, Germany).  
The PCR mixture contained 5 μL 10× PCR buffer, 1 μL 10 mM deoxyribonucleotide 
triphosphate (dNTP), 1.5 μL 50 mM magnesium chloride (MgCl2), 1 μL of 10 μM forward 
and reverse primers, 1 μL DNA template, sterile water making the solution up to 49.5 μL, and 
0.5 μL of Platinum Taq polymerase (Invitrogen, USA). The DNA template was at a 
concentration of 50 – 200 ng.μL-1. The PCR procedure is found in Table 2.2. An empirically 
determined temperature was used for the annealing step and a calculated time for the extension 






Table 2. 2. Thermal cycling procedure for standard PCR. 
 
Step Temperature Time 
Initial denaturation 94°C 2 min 
30 PCR Cycles 
 
Denaturation 94°C 30 s 
Annealing ~55°C 30 s 
Extension 72°C 1 min/kb 
Final extension 72°C 5 min 
 
 
2.3.3. DNA Visualisation and Purification of PCR Products 
 
To visualise the PCR product and digested plasmids gel electrophoresis was performed with 
0.8% agarose in TBE buffer. The agarose gel was stained using 0.25 µg.mL-1 ethidium bromide 
dissolved in MilliQ water. To prepare the samples for visualisation, 10 µL of sample was mixed 
with 2 µL 6 x DNA loading dye, loaded onto the gel and run at 100 V for 40 min. to estimate 
the size of the bands, a 1 kb Plus DNA ladder (Invitrogen, USA) was run alongside the samples. 
Gels were visualised and documented using a UV transilluminator and Molecular Imaging 
software (Kodak, USA).  
 
PCR products and gel-excised DNA from agarose gels were routinely purified using 
GenepHlow™ Gel/PCR kit (Geneaid Biotech Ltd., Taiwan) as per the manufacturer’s 
instructions. A final volume of 30 µL of elution buffer provided by the manufacturer was used 
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to elute the DNA. The purified products were visualised by agarose gel electrophoresis and 
quantified using a nanodrop.  
 
2.3.4. Quantification of DNA 
 
 
DNA (2 μL of a sample) was quantified by a Nanodrop ND-2000 UV-Vis spectrophotometer 
(Biolab Ltd, USA).  
2.3.5. Sanger Sequencing 
 
 
Sequencing was performed by Genetic Analysis Service (Department of Anatomy, University 
of Otago, New Zealand). Samples were submitted with a final primer concentration of 0.64 
pmol.μL-1 in a total volume of 5 μL. Template DNA was at a final concentration 1 ng/100 bp/5 
μL for PCR products and not less than 30 ng.μL-1 for plasmids. Sequencing was performed on 




2.4. Physiological analyses in Synechocystis 6803 
 
2.4.1. Chlorophyll a Analysis 
 
To measure the chlorophyll a concentration, whole cells were mixed with 100% methanol with 
an appropriate dilution factor, centrifuged at 13, 000 g for 5 minutes. Then the absorbance of 
the supernatant was measured at 663 nm in an Evolution 201 UV-Visible Spectrophotometer 
(Thermo Scientific, U.S.A.). The chlorophyll a concentration was calculated from the 
relationship, that 1 µg.mL-1 chlorophyll a has an absorbance of 82 at 663 nm (Mackinney, 
1941), which can be seen in this equation: 
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Concentration (chlorophyll a) (µg.mL-1) = (A663/0.082) x dilution factor) 
 
2.4.2. Photoautotrophic Growth  
 
Liquid cultures were inoculated and grown as described in section 2.2.1. to an OD of 0.8 – 1.0 
at 730 nm. The cells were harvested by centrifugation at 2,760 g for 10 minutes and 
resuspended in BG-11. The cells were washed twice to remove remaining traces of glucose. 
The cells were resuspended in 5 mL BG-11 and the OD of the resuspended cells was measured 
at 730 nm. A new 150 mL liquid culture was inoculated with at an OD of 0.05 at 730 nm, 
containing BG-11 media and appropriate antibiotics. Growth was analysed by measure the OD 
at 730 nm every 12 hours for 7 days. The results are an average of two technical replicates. A 
standard error was calculated and is presented in the graphs. The doubling times were 
calculated from the equation derived from Powell (1956): 
Doubling time = (Duration*ln(2))/(ln(OD48/OD0)) 
 
Duration: 48 h; OD48 at 730 nm after 84 h; OD0: OD at 730 nm at 0 h; ln: Natural logarithm  
 
 
2.4.3. Room Temperature Variable Chlorophyll a Fluorescence and Decay 
 
 
As described in Section 2.2.1, 150 and/or 300 mL liquid cultures were inoculated and grown 
to an OD of 0.8-1.0 at 730 nm and harvested by centrifugation at 5000 g for 10 minutes. The 
cells were resuspended in BG-11 (pH 7.5). The cells were washed once more with BG-11 (pH 
7.5). Then resuspended in 5 mL BG-11 (pH 7.5) to measure the chlorophyll a concentration in 
section 3.1. Cells were placed in a 50 mL conical flask with a total volume of 20 mL and a 
chlorophyll a concentration of 5 µg.mL-1, then placed upon a shaking platform. The cells are 
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left to incubate at 30 °C and 50 µE-2.s-1 of light for 25 minutes to allow for acclimation prior to 
beginning of the variable chlorophyll a fluorescence assay.  
 
To measure the variable fluorescence, a FL-3300 fluorometer (PSI instruments, Czech 
Republic) was used, consisting of 445 nm blue light emitting diodes, generating actinic 
illumination. The instrument provides a 455 nm blue light measuring flash (BMF), yielding 
probe flashes of a 3 µs duration. This instrument was used for fluorescence induction 
experiments and fluorescence relaxation experiments. 
 
Cells were measured in a 2 mL plastic cuvette. The samples were kept in the dark for 8 minutes 
and were treated with or without 3-(3, 4-dichlorophenyl)-1, 1-dimethylurea (DCMU) at a final 
concentration of 40 µM, 6 minutes after the initial dark adaptation time.  For fluorescence 
induction, the Fo level was determined by a series of BMF pulses at intervals of 200 ms. To 
analyse the actual fluorescence induction, an actinic blue light at a light intensity of 50% was 
generated, followed by logarithmic series of BMF probe flashes in a period of 68 µs to 10 s or 
500 s. for fluorescence relaxation experiments, the Fo level was determined by just using BMF 
pulses, followed by a saturating actinic flash and a series of logarithmic BMF probe flashes. 
The recorded data was evaluated with the “Joliot correction” to verify the non-linear 
relationship between the fluorescence and the QA state. The presented results are the mean of 
three independent experiments, each consisting of 2 technical replicates. Data processing 
consisted of a baseline subtraction using an R Script 
 
BG-11 pH 7.5 Liquid Media: 1 x BG-11 (without Fe, Pi, and CO2); 6 µg.mL-1 ferric ammonium 





2.4.4. Analysis of Chlorophyll a Fluorescence Decay Kinetics  
 
Analysis of chlorophyll a fluorescence decay kinetics in the absence of DCMU was performed 
by curve fitting. This was done by fitting the two exponential phases and a hyperbolic phase 
according to the following equation provided by Vass et al. (1999):  
Ft - Fo = A1exp(-t/T1) + A2exp(-t/T2) + A3/(1 + t/T3) 
Ft is the variable fluorescence at a time point after a single saturating actinic flash; Fo is the 
initial fluorescence before the flash; A1, A2, A3 are the amplitude percentages of the three 
components of the decay; finally, T1, T2, T3 are the time constants from which the half-lives are 
calculated using the equation half-life = ln(2)/Tn for the two exponential phases and half-life 
= T3 for the hyperbolic phase (Vass et al., 1999). This model splits the decay into three phases, 
the fast phase represents the electron transfer from QA- to QB, the intermediate phase represents 
the reoxidation of QA- by PQ, which must first bind to an empty QB pocket, and the slow phase 
represents the recombination of QA- with the S2 state of the OEC at the donor side of PS II.  
 
In the presence of DCMU forward electron transfer is inhibited due to DCMU binding to the 
QB pocket, inhibiting PQ from binding; the reoxidation of QA- then occurs via charge 
recombination with the S2 state of the oxygen-evolving complex through P680 or Tyr Z 
(Tyystjarvi and Vass, 2004). Only two phases exist in the presence of DCMU, one exponential 
and one hyperbolic phase according to the following equation provided by Fufezan et al. 
(2007):  
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Ft - Fo = A1exp(-t/T1) + A2/(1 + t/T2) + c 
Similar to the previous equation A1 and A2 are the amplitude of each phase, T1 and T2 are the 
time constants. c is a constant (an amplitude offset). Curve fitting was performed using 
SciDAVis version 1.22.  
 
2.4.5. Low Temperature (77 K) Fluorescence Emission Spectra  
 
 
Cells were treated in the same way as described in section 3.3. Each sample was diluted with 
BG-11 (pH 7.5) to obtain a final chlorophyll a concentration of 2.5 µg.mL-1. Each sample was 
snap frozen with liquid nitrogen in a glass tube (6 mm outer diameter, 4 mm inner diameter) 
and placed into a custom liquid nitrogen Dewar (Jackson et al., 2014), held within a modified 
MPF-3L fluorescence spectrophotometer (Perkin Elmer, U.S.A.). 
 
The fluorescence emission spectra were collected from 600 nm to 800 nm at the excitation 
wavelengths of 440 nm and 580 nm, with the emission slits set at 12 and 2 nm for 440 nm and 
8 and 2 nm for 580 nm. The emission spectra were conducted at a scan speed of 100 nm/min. 
The fluorescence trace with 440 nm excitation was normalised to the PS I peak at 725 nm by 
baseline subtraction. The fluorescence trace with the 580 nm excitation was normalised to the 
APC peak at 665 nm by baseline subtraction. All presented results were representative and the 
mean of at least three independent experiments, each experiment consisted of two technical 
replicates. Data processing consisted of a baseline subtraction using an R Script (Appendix V) 







2.5. Software’s Used in This Study 
 
Geneious: Used for Sanger sequencing, including multiple alignments. 
 
Inkscape: All the figures in this thesis were drawn using the Inkscape vector graphics editor. 
 
Microsoft Office 365 suite: The programmes Excel and Word were used for plotting graphs 
and writing the thesis.  
 
PyMOL: PyMOL molecular visualisation software was used (DeLano, 2001). All the figures 
involving protein structures were drawn using PyMOL version 2.0.5. 
 
RStudio: RStudio was used for data analysis of low-temperature fluorescence emission spectra 
and chlorophyll a fluorescence induction. 
 






The results chapter is divided into four separate sections. The first section establishes the 
phenotype obtained by removing Psb27 via a gene deletion and the phenotype of a control 
strain that retains a wild-type copy of the gene encoding Psb27. The control strain possesses a 
selectable marker downstream of psb27 that can be used to select strains that carry introduced 
mutations in Psb27. The second section examines selected conserved residues in Psb27. The 
experiments in this second section investigate whether the introduction of charge reversal 
mutations has an effect on PS II overall function. The third section investigates a putative cross-
link between Psb27 and CP43 formed between Lys63 of Psb27 and Asp231 of CP43 (Liu et 
al., 2011). The fourth section examines a series of strains that exhibited impaired PS II activity 
arising from spontaneous secondary mutations in the ∆Psb27 strain and the Psb27 control 
strain. 
 
3.1. Influence of Deleting psb27 on PS II Assembly  
 
 
3.1.1. Verification of the Psb27 Deletion Strain 
 
Synechocystis 6803 is naturally competent and is able to take up exogenous DNA and integrate 
it into its chromosome through double homologous recombination (Williams, 1988). As a 
consequence, gene modifications performed in vitro can be introduced into Synechocystis 6803 
at specific locations and allow for modified genes to replace their wild-type copy. In practice, 
this is achieved by first creating a deletion strain for the gene of interest and the modified gene 
is then reintroduced into the deletion strain to create the mutant of interest.  
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To create a deletion strain for the psb27 gene, overlap extension PCR was employed as 
described in Singh (2017) and summarised in Appendix I. An important feature of psb27 is 
that the slr1645 gene (encoding Psb27), overlaps slr1646 (encoding a putative ribonuclease 
III) by four nucleotides (Fig. 3.1). In the strategy employed in Singh (2017) the overlap is still 
present in the genome of the deletion mutant (hereafter referred to as the ∆Psb27 strain). The 





Figure 3. 1.  Gene context of psb27 in the chromosome of Synechocystis 6803. A magnified 
view of the four nucleotides overlaps between the slr1645 gene (encoding Psb27) and the 
slr1646 gene (encoding a putative ribonuclease III). The overlap can be seen in the box. 
Upstream of psb27, is slr1644 (encoding a hypothetical protein). Downstream of slr1646 is 
slr1647 (encoding a hypothetical protein). The GTG codon at the overlap position is indicated 
by the letter M to indicate that it is serving as a start codon. 
 
Singh (2017) constructed and characterised a control strain in combination with the deletion 
strain. The approach used to construct the control strain is summarised in Appendix II. This 
was achieved by re-introducing the intact copy of the psb27 gene together with a selectable 






Figure 3. 2. Verification of the genotype of ∆Psb27 Synechocystis 6803 strain. (A) Plasmid 
map of p∆psb27-CmR (drawn using SnapGene®). The plasmid was used to transform wild-
type Synechocystis 6803 to produce the ∆Psb27 strain. The mutant was grown and segregated 
on chloramphenicol-containing selective media. CmR: Chloramphenicol-resistance cassette 
(cyan). (B) Verification of the complete segregation of the ∆Psb27 strain through PCR. 
Amplification of the genomic DNA from the ∆Psb27 strain showed complete segregation. Lane 
M: 1 kb Plus DNA marker (Invitrogen, USA). Lane 1: wild type. Lane 2: ∆Psb27. Verification 
of the Psb27 control strain. 
 
Since psb27 overlaps slr1646 by four nucleotides, it was important to establish if interrupting 
the slr1646 gene function with a selectable marker, while retaining the intact copy of psb27, 
had any impact on the photoautotrophic growth or PS II activity. The genotype of the Psb27 






Figure 3. 3. Verification of the Synechocystis 6803 psb27 control strain. (A) Plasmid map of 
pPsb27-SpecR (drawn using SnapGene®). The plasmid was used to transform the ∆Psb27 
strain to produce the Psb27 control strain. The mutant was grown and segregated on 
spectinomycin-containing selective media. SpecR: Spectinomycin-resistance cassette (orange) 
(B) Verification of the complete segregation of the Psb27 control strain through PCR. 
Amplification of the Psb27 control strain showed complete segregation. Lane M: 1 kb Plus 
DNA marker (Invitrogen, USA). Lane 1: wild type. Lane 2: Psb27 control strain.  
 
3.1.2. Photoautotrophic Growth Curve 
 
Photoautotrophic growth curves assess the function of strains without the reliance of exogenous 
carbon sources ensuring that cells utilise light as their sole source of energy for growth and cell 





Figure 3. 4. Photoautotrophic growth curve for wild type, control, and ∆Psb27. Wild type 
(black, solid line), control (grey, solid line) and ∆Psb27 (dark blue, solid line). Markers 
presents indicate the time points when readings were documented. Data shown are an average 
of three independent biological replicates. The standard error of the mean is shown. 
 
The doubling time was calculated from the first 48 h of growth (Chapter 2, Section 2.4.2). All 
strains grew photoautotrophically with no functional abnormalities that were detected. There 
were minor differences between the three strains (Fig. 3.4).  The ∆Psb27 mutant had a doubling 
time of 12 h. The control exhibited a doubling time of 12 h. Wild type had a doubling time of 
13 h. Figure 3.4 therefore demonstrates that the photoautotrophic growth is not impaired in 







3.1.3. Low Temperature (77 K) Fluorescence Emission Spectra 
 
Low temperature (77 K) fluorescence spectroscopy detects emission from PS II, and 
contributions from PS I and the phycobilisomes (PBS). The fluorescence obtained from these 
pigment-protein complexes provides insight into the relative stoichiometry between these 
complexes. Two different excitation wavelengths (440 nm and 580 nm) are typically used. The 
440 nm excitation targets chlorophyll a, exciting the pigments from PS II and PS I and gives 
rise to 685 nm and 695 nm emission maxima that originate from the CP43 and CP47 subunits 
of assembled PS II, respectively, whilst the 725 nm maxima originates from PS I (Murata et 
al., 1966; Boehm et al., 2011; Lamb et al., 2018). In addition, unassembled CP43 and CP47 
pre-complexes also emit fluorescence at 685 nm (Lamb et al., 2018). The amplitude of the 
fluorescence spectra quantitively reflects the abundance of PS II and PS I in cyanobacterial 
cells (Murakami et al., 1997).  
 
To compare the relative levels of PS II to PS I in the control and the ∆Psb27 deletion mutant 
440 nm excitation was applied to cells and their fluorescence emission recorded. In Fig. 3.5A 
the emission spectra have been normalised to the 725 nm emission arising from PS I. The ratio 
of PS II to PS I (based on the ratio of the emission peaks at 685 nm and 695 nm to the emission 
from PS I at 725 nm) suggest that the levels of PS II and PS I remain similar in all strains. 
 
To further compare the control and ∆Psb27 mutant to the wild type the PBS was excited using 
580 nm excitation. Upon excitation at 580 nm, the 650 nm emission originates from 
phycocyanin (PC), the 665 nm emission originates from allophycocyanin (APC), while the 685 
nm emission maxima correspond to emission from the terminal emitter ApcE of the PBS as 
well as emission from the CP43 core antenna. In addition, a 695 nm shoulder in the emission 
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spectrum that arises from CP47 of PS II is also observed, and PS I has an emission band at 725 
nm (Murata et al., 1966; Bald et al., 1996; Vermass et al., 1994).  
 
In Fig. 3.5B the 77 K emission spectra obtained using 580 nm excitation are normalised to the 
allophycocyanin emission at 665 nm. A reduction in the fluorescence emission at 685 nm was 
observed in the ∆Psb27 mutant compared to the wild type and control while the control cells 
exhibited an enhanced shoulder at 695 nm and a slight increase at 725 nm relative to wild type.  
Since the 440 nm excitation did not indicate a change in the ratio of PS II to PS I in these strains 
the observed changes in fluorescence emission upon excitation at 580 nm suggest that the 
energy transfer for the PBS to PS II (and PS I) are being altered upon removal of Psb27. To 
investigate this further the PS II-specific room-temperature chlorophyll variable fluorescence 
was measured to compare the fluorescence induction traces between the three strains. 
 
 
Figure 3. 5. Low temperature 77 K emission spectra for wild type, control and ∆Psb27. (A) 
Whole cells excited at 440 nm, normalised to the PS I emission maxima. (B) Whole cells 
excited at 580 nm, normalised to the APC emission maxima. Wild type (black, solid line), 
control (grey, solid line) and ∆Psb27 (dark blue, solid line). Data shown are averages of three 




3.1.4. Room Temperature Chlorophyll a Fluorescence Induction 
 
To investigate electron transfer through PS II, the variable fluorescence was measured in the 
control and ∆Psb27 deletion mutant by applying blue actinic light and the resulting traces were 
compared to the data obtained for wild type. In Fig. 3.6A the control and ∆Psb27 strains 
exhibited the characteristic O, J, I, P features of the fluorescence induction trace. Wild type 
and the control had similar fluorescence traces; however, the fluorescence yield was increased 
in the ∆Psb27 strain. The increased fluorescence yield in the ∆Psb27 strain was also evident 
when the variable chlorophyll fluorescence yield was measured in the presence of 3-(3,4-
dichlorophenyl)-1,1-dimethylurea (DCMU). The fluorescence yield in the presence of DCMU 
is indicative of the relative amount of PS II present (assuming that the energy transfer from the 
PBS is unaltered in the different strains). Since the data in Fig. 3.5A, obtained with excitation 
at 440 nm, suggests that the ratio between PS II and PS I is unaltered in the strains the 
differences observed in Fig. 3.5B (upon excitation of the phycobilisome with 580 nm light) 
and the altered room temperature variable fluorescence in Fig. 3.6 for the ∆Psb27 strain suggest 






Figure 3. 6. Room temperature chlorophyll a fluorescence induction for wild type, control and 
∆Psb27 following a continuous actinic light. (A) Fluorescence induction. (B) Fluorescence 
induction with the addition of DCMU. Wild type (black, solid line), control (grey, solid line) 
and ∆Psb27 (dark blue, solid line). Data shown are an average of three independent biological 
replicates. F: fluorescence value at the time, Fo: initial fluorescence level. DCMU: 40 µM. 
 
 
To additionally test to see if the altered variable fluorescence in Fig. 3.6 was not due to altered 
electron transport within PS II but was more likely related to altered energy transfer to the PS 
II from the PBS, the decay of variable fluorescence following a single actinic flash was 
measured for all three strains. 
 
3.1.5. Room Temperature Chlorophyll a Fluorescence Decay 
 
The decay of chlorophyll a fluorescence following an actinic flash can be used to follow 
electron transfer between the primary and secondary plastoquinone electron acceptors QA and 
QB. The fluorescence decay can be divided into three separate components. The curve fit model 
applied in this thesis is based on two exponential components and one hyperbolic component 
(Vass et al., 1999). The first component is the fast exponential phase (microseconds 
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component) indicating the electron transfer from QA- to QB. The second component is the 
intermediate exponential phase (milliseconds component) which indicates the binding/release 
of the plastoquinone at the QB-binding pocket. The third component is the slow hyperbolic 
phase (seconds component), which indicates the charge recombination between QA- and the 




Figure 3. 7. Room temperature chlorophyll a fluorescence relaxation following a single 
turnover actinic flash for wild type, control and ∆Psb27. (A) Without the addition of DCMU. 
(B) With the addition of DCMU. Wild type (black, solid line), control (grey, solid line) and 
∆Psb27 (dark blue, solid line). F: fluorescence value at the time, Fo: initial fluorescence level. 
FM: maximum fluorescence. DCMU: 40 µM. 
 
In the presence of DCMU forward electron transfer from QA- is blocked since QB is displaced 
by DCMU. The fluorescence decay in the presence of DCMU therefore provides information 
on the back reaction(s) of QA- with the donor side of PS II. In the presence of DCMU two 
separate components are observed and the curve fit model is comprised of one exponential 
component and one hyperbolic component (Forsman et al., 2019a). The first component, which 
is a millisecond process, reflects the recombination between QA- and P680+; typically, however, 
the majority of P680+ is reduced by YZ (the redox active Tyr on D1) and YZ+ is reduced by the 
Mn4O5Ca cluster of the OEC (Cardona et al., 2012). The majority of the fluorescence decay in 
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the presence of DCMU reflects the recombination of the charge on QA- with the positive charge 
on the OEC and is a slow seconds component. Analysis of fluorescence decay kinetics can be 
found in (Chapter 2, Section 2.4.4).  
 
The decay of variable fluorescence following a single turnover actinic flash for the control, 
wild type and the ∆Psb27 strain are shown in Figure 3.7. In Figure 3.7A the decay in the 
absence of DCMU is shown reflecting forward electron transfer. The decay kinetics for all 
strains were similar (Table 3.1) with the exception of the slow seconds component for the 
∆Psb27 strain. Compared to the wild type and the control strain, this was accelerated from 10 
s to 7 s suggesting a shift in the equilibrium for the sharing of the electron between QA and QB 
towards QA- in this strain; however, the amplitude for the slow component remained similar in 
all strains (Table 3.1). 
 
The presence of DCMU reflects the rates of backward electron transfer of QA- with the donor 
side of PS II. The decay kinetics for all strains are summarised in Table 3.1. The control strain 
exhibited a faster rate in the milliseconds component when compared to the wild type and 
∆Psb27 strains (Table 3.2), which is also visible in the fluorescence trace (Fig. 3.7B). This 
suggests that the control strain may have an alternative electron acceptor that could take 
electros from QA- that is not available in the deletion mutant or wild type. However, the seconds 
component for recombination with the donor side of PS II was similar in all three strains. There 
was a subtle alteration in the milliseconds component observed from the control strain. On 
balance, the fluorescence decay data for the ∆Psb27, control and wild type indicate that the 




Table 3. 1. Chlorophyll a fluorescence decay kinetics after exposure to single turnover actinic 













Rate                
t1/2 (ms) 
Amplitude   
(%) 
Rate           
t1/2 (s) 
Amplitude   
(%) 
WT no addition 264 ± 14 62 ± 1 3 ± 1 29 ± 1 10 ± 2 9 ± 1 
Control no addition 269 ± 13 59 ± 2 3 ± 1 33 ± 2 10 ± 1 9 ± 0 
∆Psb27 no addition 235 ± 13 52 ± 2 2 ± 0 39 ± 1 7 ± 1 9 ± 0                 
1The presented data are averages of three independent biological experiments. Standard error 
values are shown after the ± symbol.  
 
Table 3. 2. Chlorophyll a fluorescence decay kinetics after exposure to single turnover actinic 








Strain Treatment Rate                
t1/2 (ms) 
Amplitude   
(%) 
Rate           
t1/2 (s) 
Amplitude   
(%) 
WT DCMU 5 ± 1 12 ± 1  1 ± 2 88 ± 1 
Control DCMU 1 ± 1 14 ± 0  1 ± 1 86 ± 1 
∆Psb27 DCMU 4 ± 1 10 ± 0  1 ± 1 90 ± 1 
1The presented data are averages of three independent biological experiments. Standard error 





After investigating the phenotype of the ∆Psb27 and control strain using fluorescence-based 
assays, it is apparent that there is subtle phenotype observed from these strains. An altered 
millisecond component for the control strain and the observation of a more pronounced 695 
nm emission peak in the 77 K fluorescence emission spectra following excitation of the PBS 
at 580 nm both suggest that the introduction of the spectinomycin-resistance cassette in to the 





3.2. Do Selected Point Mutants in Psb27 Influence Photosystem II Activity? 
3.2.1. Selected Conserved Residues in Psb27 
 
 
The Psb27 protein has a high degree of sequence conservation. Surface residues of Psb27 are 
of interest due to the high likelihood of interacting with PS II. Three highly conserved surface 
residues were examined, which are Arg54, Arg94 and Glu98 (Figure 3.8). Site-directed 
mutagenesis introduced charge reversal point mutations based on the hypothesis that point 
mutation changes at these positions would obstruct potential contact interactions with PS II.  
 
Arg54 and Arg94 are both located on the surface of all three models of Psb27 (Cormann et al., 
2009; Mabbitt et al., 2009; Michoux et al., 2012). Glu98 is located on the surface in two models 
of Psb27 (Michoux et al., 2012; Mabbitt et al., 2013). Arg residues were substituted with Glu, 
creating the R54E, R94E mutants while Glu at position 98 was changed into an Arg creating 
the E98R mutant. 
 
Figure 3. 8. Selected amino-acid residues in Psb27 (PBD 2KMF). The four α-helices of Psb27 
are labelled in the ribbon cartoon diagram, respectively as α1, α2, α3, and α4. Highlighted 
amino acid residues are shown as sticks; R54E (blue); R94E (orange); and E98R (green). The 
structure was created from the solution structure of Psb27 (Mabbitt et al., 2009). Figure 
prepared and drawn with PyMOL (DeLano, 2001).  
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The focus of this section is to identify a Psb27 residue(s) that contributes to its interaction with 
PS II in vivo. A limitation with in vivo site-directed mutagenesis is that variant protein which 
has a folding defect can give rise to a phenotype that could be misinterpreted as a binding 
defect. Mabbitt et al. (2013) used circular dichroism spectroscopy to determine the stability of 
recombinant Psb27 protein and the Psb27 point mutants. The midpoints of unfolding and 
refolding for Psb27 are ~58°C, which is above the growth temperature (~30°C) of 
Synechocystis 6803, implying that the Psb27 protein is stable in vivo. Psb27 carrying the Arg54 
to Glu, Arg94 to Glu and Glu98 to Arg substitutions had similar thermal denaturing stabilities 
to the native protein (Mabbitt et al., 2013). These results indicated that these point mutations 
were suitable for the creation of the corresponding mutants for physiology experiments. The 
Psb27 point mutants were created by Singh (2017) and confirmed through standard PCR and 






Figure 3. 9.  Confirmation of the presence of mutations in the gDNA of Psb27 point mutants. 
(A) Sequencing results for R54E, a single point mutation (CGT>GAG) corresponding to the 
Arg to Glu substitution (B) Sequencing results for R94E, a single point mutation (CGC>GAG) 
corresponding to the Arg to Glu substitution. (C) Sequencing results for E98R, a single point 















Figure 3. 10. Photoautotrophic growth curve for Psb27 point mutants. Control (grey, solid line), 
E98R (green, solid line), R54E (blue, solid line) and R94E (orange, solid line). Markers 
presents indicate the time points when readings were documented. Data shown are an average 
of three independent biological replicates. The standard error of the mean is shown. 
 
In Figure 3.10 all strains grew photoautotrophically with no major functional abnormalities 
detected. The control had the doubling time of 12 h. R54E has a doubling time of 12 h. R94E 
has a doubling time of 13 h. And E98R has a doubling time of 13.3 h. The introduction of these 
single point mutation changes in psb27 had no impact on photoautotrophic growth.  
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Figure 3. 11. Low temperature 77 K emission spectra for Psb27 point mutants. (A) Whole cells 
excited at 440 nm. (B) Whole cells excited at 580 nm. Control (grey, solid line), E98R (green, 
solid line), R54E (blue, solid line) and R94E (orange, solid line). Data shown are averages of 
three independent biological experiments. 
 
In Fig. 3.11A strains exhibited the characteristic peaks expected from 440 nm excitation. The 
E98R strain retained a similar fluorescence emission spectrum to the control strain, therefore 
the relative stoichiometry between PS I and PS II in this strain was unaffected. In contrast, the 
R54E and R94E mutants both have elevated PS II fluorescence emission for the 685 nm and 
695 nm bands corresponding to PS II, Consequently, this suggests an altered ration of PS II to 
PS I centres in these mutants. Typically, the normal ratio between the two complexes involves 
a 5-fold increase in PS I reflected by the elevated emission at 720 nm; however, the R54E and 
R94E strains instead have a 2.5-fold increase in PS I fluorescence emission. 
 
When normalised to the APC emission at 665 nm, all strains exhibited the characteristic peaks 
obtained from 580 nm excitation. In Fig. 3.11B the R54E and R94E strains exhibited an 
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increase in their 685 nm emission peaks and both showed a 695 nm shoulder in their emission 
spectra, originating from PS II, which agrees with the spectra observed with the 440 nm 
excitation. This phenomenon of an increase in PS II fluorescence will be investigated in 
fluorescence induction, as it involves a direct excitation of chlorophyll a. 
 
 
3.2.4. Room Temperature Chlorophyll a Fluorescence Induction 
 
 
Figure 3. 12. Room temperature chlorophyll a fluorescence induction for Psb27 point mutants 
following a continuous actinic light. (A) Fluorescence induction. (B) Fluorescence induction 
with the addition of DCMU. Control (grey, solid line), E98R (green, solid line), R54E (blue, 
solid line) and R94E (orange, solid line). Data shown are an average of three independent 
biological replicates. F: fluorescence value, Fo: initial fluorescence level. DCMU: 40 µM. 
 
In Fig. 3.12A all strains have the characteristic features of the OJIP transient curve. Therefore 
electron transfer in the acceptor side has not been impaired. These Psb27 point mutants all 
obtained an apparent increase in their fluorescence emission compared to the control; however 
the E98R strain was the most similar to the control in agreement with the low-temperature 
emission fluorescence spectra (cf. Fig 3.11). Notably the R54E and R94E mutants exhibited 
elevated variable fluorescence indicating they have more PS II centres than the control strain 
since the measurements were made on a chlorophyll a basis.  
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When DCMU was added the variable fluorescence rapidly rose to the FM level due to an 
inhibition of forward electron transfer from QA-. In Figure. 3.12B the fluorescence traces with 
the addition of DCMU support the interpretation from the induction curves. The R54E and 
R94E mutants exhibited elevated fluorescence relative to control cells consistent with them 
having an increased number of PS II centres when the samples are loaded on a chlorophyll a 
basis. Additionally, the data indicate that the E98R strain and the control have a similar number 
of active PS II centres. From this set of fluorescence induction results, a single point mutation 
change in both R54E and R94E (coincidentally the same charge reversal point mutations) 
increased the relative number of active PS II centres when compared on a chlorophyll a basis. 
To confirm if the introduced mutations did not impair forward electron transfers as indicated 
in Figure 3.12A, the decay of variable fluorescence following a single actinic flashed was 









Figure 3. 13. Room temperature chlorophyll a fluorescence relaxation following a single 
turnover actinic flash for Psb27 point mutants. (A) Without the addition of DCMU. (B) With 
the addition of DCMU. Control (grey, solid line), E98R (green, solid line), R54E (blue, solid 
line) and R94E (orange, solid line). F: fluorescence value at the time, Fo: initial fluorescence 
level. FM: maximum fluorescence. DCMU: 40 µM. 
 
In Figure 3.13 the decay of variable fluorescence following a single turnover actinic flash for 
Psb27 point mutants are shown. The decay kinetics for these strains have been summarised in 
Table 3.3. Figure 3.13A reflects the forward electron transfer with the acceptor side of PS II. 
The decay kinetics for all strain were similar (Table 3.3).  
 
The presence of DCMU reflects the rates of backward electron transfer from QA- with the donor 
side of PS II. The decay kinetics for all strains are summarised in Table 3.4. The E98R strain 
exhibited a faster millisecond component compared to the control strain (Table 3.4), exhibiting 
an accelerated rate from 1.4 s to 0.9 s; however, the seconds component for the recombination 




Table 3. 3. Chlorophyll a fluorescence decay kinetics after exposure to single turnover actinic 













Rate                
t1/2 (ms) 
Amplitude   
(%) 
Rate           
t1/2 (s) 
Amplitude   
(%) 
Control no addition 269 ± 13 59 ± 2 3 ± 1 33 ± 2 10 ± 1 9 ± 0 
E98R no addition 267 ± 13 62 ± 1 3 ± 0 29 ± 1  8 ± 4 9 ± 1 
R54E no addition 242 ± 13 60 ± 1 3 ± 0 29 ± 1  9 ± 2 11 ± 0                 
R94E no addition 242 ± 13 61 ± 2 2 ± 0 30 ± 1  9 ± 0 9 ± 0                 
1The presented data are averages of three independent biological experiments. Standard error 
values are shown after the ± symbol.  
 
 
Table 3. 4.  Chlorophyll a fluorescence decay kinetics after exposure to single turnover actinic 








Strain Treatment Rate                
t1/2 (ms) 
Amplitude   
(%) 
Rate           
t1/2 (s) 
Amplitude   
(%) 
Control DCMU 1 ± 1 14 ± 0    1 ± 1 86 ± 1 
E98R DCMU 1 ± 0 14 ± 1    1 ± 1 87 ± 1 
R54E DCMU 2 ± 0 10 ± 2    1 ± 1 89 ± 2                 
R94E DCMU 2 ± 0 10 ± 1    1 ± 1 90 ± 1                 
1The presented data are averages of three independent biological experiments. Standard error 







Investigating these conserved surface residues' role have led to a distinctive phenotype, evident 
with the R54E and R94E strains. These mutant strains have elevated fluorescence and altered 
PS II: PS I stoichiometry. The introduction of the spectinomycin-resistance cassette into 
the slr1645:slr1646 operon, and the introduction of this point mutation change may have 
influenced on PS II activity.  
 
 
3.3. Psb27 and its Putative Cross-Link with CP43 
 
 
Psb27 is recognised to stabilise the pre-assembly CP43 complex (Fig 3.14; Liu et al., 2011; 
Komenda et al., 2012a). In the Liu et al. (2011) model, Psb27 is located in the cavity formed 
by Loop C and Loop E of CP43. Loop E of CP43 is proposed as a hub of PS II donor side 
assembly during biogenesis (Fagerlund and Eaton-Rye, 2011; Liu et al., 2011). This 
orientation allows for the highly conserved α3 and α4 helices of Psb27, to come into close 
contact with Loop E of CP43. This orientation takes into account any structural constraints 
between Psb27 and the D1 protein allowing for the coordination of the manganese cluster and 
stabilising the extrinsic proteins, when forming the active PS II complex. This suggests this 
particular conformational rearrangement of PS II assists in regulating the intermediate steps 
associated with the intricate life cycle of PS II. 
  
The two putative cross-linking sites studied are Psb27-Lys63↔CP43-Asp231 and Psb27-
Asp58↔CP43-Lys215. The cross-linking sites that have been targeted by using 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC). Liu et al. (2011) have stated that a possible salt 
bridge interaction arose from the anionic carboxylate of Asp and the cationic ammonium from 
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Lys. This salt bridge may have contributed to the stability of entropically unfavourable folded 
conformation of proteins.  
 
The putative cross-linking Lys63 residue was selected to be investigated. Lys63 is found in the 
highly conserved α3 helix and there are more implications for Psb27 binding to CP43. Asp58 





Figure 3. 14. Diagrammatic putative crosslink between Psb27-Lys63 (PBD 2KMF) and CP43-
Asp321(PBD 4UB8). A magnified view of the interaction can be seen in the box. The red 
dashed lines indicate the salt bridge interaction between the two residues. The Psb27 solution 
structure was created by Mabbitt et al. (2009) from Synechocystis 6803. The Psb27 helices are 
coloured in the figure; α1 (blue); α2 (magenta); α3 (lime green); α4 (yellow). The CP43 
protein was taken from the active PS II structure created by Umena et al. (2011) from T. 








Figure 3. 15. Magnified view of the point mutation change in Psb27-Lys63 (PDB 2KMF) and 
its interaction with CP43-Asp231 (PDB 4UB8). The Psb27 solution structure was created by 
Mabbitt et al. (2009) from Synechocystis 6803. The CP43 complex was taken from the active 
PS II structure created by Umena et al. (2011) from T. vulcanus. (A) Interaction between 
Psb27-Lys63 and CP43-Asp231. (B) Modelled substitution of Psb27-K63D and CP43-Asp231. 
(C) Modelled substitution of Psb27-K63R and CP43-Asp231. The red dashed line indicates the 
interaction between the two residues in panel A and the disrupted interaction by the mutations 





To investigate the effect of putative cross-linking residue Lys63, a series of different mutations 
were introduced at the residue (Fig. 3.15). One of the strains created was the substitution of 
Lys63 with an Arg, creating the K63R mutant. Lys is a positively charged amino acid which 
was substituted into an Arg, another positively charged amino acid (Fig. 3.15B). This residue 
change can be considered as maintaining a conserved interaction with CP43-D231. An Arg and 
Asp interaction would still be expected to form a salt bridge interaction that would stabilise the 
interaction between Psb27 and CP43. The second strain created involved Lys63 being mutated 
into an Asp, a negatively charged amino acid (Fig. 3.15C). This residue change alters the 
interaction between Psb27 and CP43, as the two residues will both carry a negative charge. 
 
The putative cross-linking point mutants were originally created by Singh (2017), but these 
were re-checked through standard PCR for the present study. While the K63R mutant was 
confirmed (Fig. 3.16A) the sequence also revealed an unexpected 2 bp deletion in Psb27 in the 
K63D strain creating a frameshift mutation (Fig. 3.16B). Since this was unexpected, we also 
checked the original plasmid used to construct this mutant and the 2 bp deletion was also 
present in the plasmid. For the remainder of this study the K63D strain will be referred to as 
the K63Dtruncated strain (K63Dtrunc). The truncation in the K63Dtrunc strain can be 




Figure 3. 16. Confirmation of the presence of point mutations in putative cross-linking point 
mutant Lys63. These strains were confirmed using standard PCR. (A) Confirmation for K63R. 












3.3.2. Photoautotrophic Growth Curve 
 
 
Figure 3. 17. Photoautotrophic growth curve for the K63Dtrunc and K63R strains. Control 
(grey, solid line), K63Dtrunc (red, solid line) and K63R (mustard, solid line). Markers presents 
indicate the time points when readings were documented. Data shown are an average of three 
independent biological replicates. The standard error of the mean is shown. 
 
Figure 3.17 showed that all strains grew photoautotrophically similarly to the control. The 
K63D strain had a doubling time of approximately 12 h while the control strain also had a 
doubling time of 12 h and the K63R mutant had a doubling time of 13 h. Point mutations 
affecting Psb27-Lys63 did not impair the cross link with CP43-Asp231. The introduction of 












Figure 3. 18. Low temperature 77 K emission spectra for the K63Dtrunc and K63R strains. (A) 
Whole cells excited at 440 nm. (B) Whole cells excited at 580 nm. Control (grey, solid line), 
K63Dtrunc (red, solid line) and K63R (mustard, solid line). Data shown are averages of three 
independent biological experiments. 
 
In Figure 3.18A all strains exhibited the characteristic peaks expected during 440 nm 
excitation. The K63R strain obtained a slight elevation in its 695 nm emission (Fig. 3.18A). 
When normalised to the PS I peak, at the 725 nm emission, the ratio of PS II to PS I remain 
similar in all strains.  
 
In Figure 3.18B the 77 K emission spectra measured using 580 nm excitation was normalised 
to the allophycocyanin emission peak at 665 nm. In the spectra, there is a reduction in the 
fluorescence emission at 685 nm in both the K63Dtrunc and K63R mutants compared to the 
control with a similar reduction of the 725 nm emission that may suggest there are slightly 
reduced levels of both PS I and PS II in these mutants. At the 725 nm emission, another 
reduction in fluorescence levels are observed for both Lys63 strains. Thereby, affecting the PS 
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II to PS I ratio observed. Since the ratio of PS II and PS I was not affected upon 440 nm 
excitation. The results obtained during 580 nm excitation, suggests altered energy transfer for 
PBS to PS II, and eventually to PS I. 
 




Figure 3. 19. Room temperature chlorophyll a fluorescence induction for the K63Dtrunc and 
K63R strains. (A) Fluorescence induction. (B) Fluorescence induction with the addition of 
DCMU. Control (grey, solid line), K63Dtrunc (red, solid line) and K63R (mustard, solid line). 
Data shown are an average of three independent biological replicates. F: fluorescence value at 
the time, Fo: initial fluorescence level. DCMU: 40 µM. 
 
In Figure 3.19A the the K63Dtrunc and K63R strains exhibited the characteristic peaks from 
the OJIP fluorescence transient. The fluorescence yield at the P level was elevated in the K63R 
strain; this may suggest that K63R has more PS II centres on a chlorophyll a basis; however, 
the introduction of these point mutations at the Lys63 residue had a limited impact on variable 
fluorescence.  
 
This interpretation is also supported by the variable fluorescence levels in the presence of 
DCMU shown in Figure 3.19B. In addition, the K63R cells also showed a dip in their 
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Figure 3. 20. Room temperature chlorophyll a fluorescence relaxation following a single 
turnover actinic flash for the K63Dtrunc and K63R strains. (A) Without the addition of DCMU. 
(B) With the addition of DCMU. Control (grey, solid line), K63Dtrunc (red, solid line) and 
K63R (mustard, solid line). F: fluorescence value at the time, Fo: initial fluorescence level. FM: 
maximum fluorescence. DCMU: 40 µM. 
 
In Figure 3.20A there is no visible impairment in the fluorescence decay observed with the 
different strains suggesting the mutations in these strains have a minimal effect on the forward 
electron transfer from QA- to QB. This is further confirmed by the decay kinetics for all strains 
(Table 3.5), except for the slow seconds component for the K63R mutant. The K63R strain 
slowed the rate of the seconds component form a half-time of 10 s observed from the control 
to 14 s (although the amplitudes remained similar). This suggests a shift in the equilibrium for 
the sharing of electrons between QA and QB, towards QB-.  
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The addition of DCMU reflects the rates of backward electron of QA- with the donor side of PS 
II. The decay kinetics for all the strains are summarised in Table 3.6. In Figure 3.20B there is 
no visible impairment in the donor side of PS II and the decay traces and the calculated kinetics 
are similar (Figure 3.20B and Table 3.6).  
Table 3. 5. Chlorophyll a fluorescence decay kinetics after exposure to single turnover actinic 












Rate                
t1/2 (ms) 
Amplitude   
(%) 
Rate           
t1/2 (s) 
Amplitude   
(%) 
Control no addition 269 ± 13 59 ± 2 3 ± 1 33 ± 2 10 ± 1 9 ± 0 
K63D no addition 260 ± 7 61 ± 2 3 ± 0 29 ± 1 9 ± 4 10 ± 2 
K63R no addition 252 ± 4 62 ± 2 3 ± 2 30 ± 3 14 ± 2 10 ± 0                 
1The presented data are averages of three independent biological experiments. Standard error 
values are shown after the ± symbol. 
 
 
Table 3. 6. Chlorophyll a fluorescence decay kinetics after exposure to single turnover actinic 






Strain Treatment Rate                
t1/2 (ms) 
Amplitude   
(%) 
Rate           
t1/2 (s) 
Amplitude   
(%) 
Control DCMU 1 ± 1 14 ± 0 1 ± 0 86 ± 1 
K63D DCMU 1 ± 0 13 ± 1 1 ± 0 87 ± 1 
K63R DCMU 1 ± 2 11 ± 1 1 ± 0 89 ± 2                 
1The presented data are averages of three independent biological experiments. Standard error 









There were two mutant strains created to investigate the putative cross-link between Psb27 and 
CP43. The K63R strain can be considered as a conservative mutational change, reflected in its 
physiological results as the K63R strain behaved like the control strain. The creation of the 
K63Dtrunc strain is genotypically similar to an interruption in the psb27 gene. There is a minor 
influence of the psb27:slr1646 operon on the phenotype of the K63R and K63Dtrunc strains.  
 
3.4. Spontaneous Secondary Mutations Arising in Psb27 
 
 
3.4.1. Re-visiting Spontaneous Mutations in Psb27  
 
 
It has been recognised that a spontaneous mutation has occurred previously in the Psb27 
protein. The initial creation of the R54E strain led to a spontaneous mutation in the genome 
and renamed as the R54E* strain. The R54E* strain has a unique phenotype apparent by its 
impaired electron transfer between QA and QB. Evident in the chlorophyll a variable 
fluorescence induction and decay assays. The spontaneous mutation change was caused by a 
mutation in the His252 residue in the D1 protein. The His252 residue was substituted into Gln 
(Singh, 2017).  
 
To test the stability of the mutagenesis system of Psb27. The R54E strain was remade by Singh 
and re-characterised in this study. This new R54E strain does not have impaired electron 












Figure 3. 21. Room temperature chlorophyll a fluorescence induction for R54E* following a 
continuous actinic light. (A) Fluorescence induction. (B) Fluorescence induction with the 
addition of DCMU. Control (grey, solid line), R54E (blue, solid line) and R54E* (blue, dashed 
line). Data shown are an average of three independent biological replicates. F: fluorescence 
value at the time, Fo: initial fluorescence level. DCMU: 40 µM. 
 
Since a spontaneous mutation have previously arose in a psb27 mutant strain, it would be 
sensible to characterise these strains. Figure 3.21 highlights the difference between the R54E* 
strain, the new R54E strain against the control strain. In Fig. 3.21A the R54E* mutant has a 
distinctive phenotype, evident by a rapid rise with an elevated J level. The elevation in the J 
level observed from the R54E* strain implies blocked electron transfer to the QB site. 
Comparatively the R54E strain has a completely different phenotype, this strain has the 
characteristic features of the OJIP fluorescence curve. What makes the R54E strain unique is 
because of its elevated fluorescence yield compared to the control strain. 
 
Fig. 3.21B shows the variable fluorescence trace in the presence of DCMU. The presence of 
DCMU indicates the relative amount of PS II present in each strain. Both the R54E* and R54E 
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strains have elevated fluorescence yield compared to the control strain. This result agrees with 
what was observed in the fluorescence trace with no treatment (cf. Fig. 3.21A).  
 




During the course of the study, a new phenotype arose in both the control and ∆Psb27 strains. 
These strains were measured with variable fluorescence induction. There were no differences 
in the methodology, sample handling and sample storage. When data was processed a very 
distinct phenotypic fluorescence curve appeared. After several biological replicates later, it was 
confirmed that this phenotype was caused by a spontaneous mutation. 
  
These spontaneous mutant counterparts are hereafter named control* and ∆Psb27*, 









Figure 3. 22. Room temperature chlorophyll a fluorescence induction for spontaneous 
secondary mutations in Psb27 following a continuous actinic light. (A) Fluorescence induction. 
(B) Fluorescence induction with the addition of DCMU. Control (grey, solid line), Control* 
(grey, dashed line) and ∆Psb27* (dark blue, dashed line). Data shown are an average of three 
independent biological replicates. F: fluorescence value at the time, Fo: initial fluorescence 
level. DCMU: 40 µM. 
A distinctive phenotype was observed from the control* and ∆Psb27* strains. The 
characteristic OJIP fluorescence transient curve observed from the control strain has now 
disappeared. Electron transfer in PS II has been affected upon the introduction of these 
spontaneous mutants. In Fig. 3.22A both the control* and ∆Psb27* strains obtained a rapid 
initial rise that have elevated J-to-I levels compared to the control strain. An elevation in the J-
to-I inflection point suggests a block in the QB site.  
 
The fluorescence yield in the presence of DCMU indicate the relative amount of PS II present. 
In Fig. 3.22B both the control* and ∆Psb27* have an elevated fluorescence yield compared to 
the control. Since PS II electron transport has been altered; these strains were tested for variable 
fluorescence decay, to investigate whether the electron transfer between QA and QB has also 
been affected by these spontaneous mutations. 
 74 




Figure 3. 23. Room temperature chlorophyll a fluorescence relaxation following a single 
turnover actinic flash for the spontaneous secondary mutations in Psb27. (A) Without the 
addition of DCMU. (B) With the addition of DCMU. Control (grey, solid line), Control* (grey, 
dashed line) and ∆Psb27* (dark blue, dashed line). F: fluorescence value at the time, Fo: initial 
fluorescence level. FM: maximum fluorescence. DCMU: 40 µM. 
Complementing the data from chlorophyll a fluorescence induction (Fig. 3.22), there is an 
apparent phenotype in these cells. In Figure 3.23A the decay in the absence of DCMU is reflect 
the rate of forward electron transfer. The fluorescence decay curve shows altered electron 
transfer in both the control* and ∆Psb27* mutants.  
 
The decay kinetics for the strains can be summarised in the Table 3.7. The control* and 
∆Psb27* strains have slowed their rate of electron transfer from QA- to QB, along with 
conformational changes leading to the altered QB-binding site in the active PS II centres. This 
is apparent in the fast component, as the control* cells decelerated from 269 s to 407 s. The 
fast component of the ∆Psb27* strain also decelerated from 269 s to 348 s. The amplitude for 
the fast component were relatively similar for all three strains. In the intermediate component, 
there were minor differences observed between the strains. In the slow component, the control* 
strain accelerated from 10 s to 1 s, while the ∆Psb27* strain accelerated from 10 s to 4 s. This 
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suggests a shift in the equilibrium for sharing the electron between QA and QB towards QA- in 
this strain. The amplitude for the slow component increased in the control* strain from 9% to 
23%. Whereas in the ∆Psb27* strain, there was an increase from 9% to 13% (Table 3.7). An 
increase in the amplitude of the slow phase indicates a modification of PQ binding at the QB 
site and/or potentially a decrease in the apparent equilibrium constant between QA and QB.   
 
The addition of DCMU reflects the rates of backward electron transfer of QA- in the donor side 
of PS II (Fig. 3.23B).  The oxidation of QA- in all the strains was dominated by the back reaction 
(Table 3.8). The ∆Psb27* strain decelerated in the slow component compared to the control 
strain from 1.4 s to 3 s. The decay kinetics for all strains were similar, suggesting, that the 
causative component of this phenotype is due to an impairment in the acceptor side of PS II. 
 
Table 3. 7. Chlorophyll a fluorescence decay kinetics after exposure to single turnover actinic 












Rate                
t1/2 (ms) 
Amplitude   
(%) 
Rate           
t1/2 (s) 
Amplitude   
(%) 
Control no addition 269 ± 13 59 ± 2 3 ± 1 33 ± 2 10 ± 1 9 ± 0 
Control* no addition 407 ± 4 55 ± 2 4 ± 0 22 ± 1 1 ± 0 23 ± 2 
Psb27* no addition 348 ± 6 60 ± 1 5 ± 1 28 ± 0 4 ± 0 13 ± 1                 
1The presented data are averages of three independent biological experiments. Standard error 











Table 3. 8. Chlorophyll a fluorescence decay kinetics after exposure to single turnover actinic 






Strain Treatment Rate                
t1/2 (ms) 
Amplitude   
(%) 
Rate           
t1/2 (s) 
Amplitude   
(%) 
Control DCMU 1 ± 1 14 ± 0 1 ± 0 86 ± 1 
Control* DCMU 2 ± 0 10 ± 0 1 ± 1 90 ± 0 
∆Psb27* DCMU 3 ± 1 15 ± 1 1 ± 1 85 ± 1                 
 
1The presented data are averages of three independent biological experiments. Standard error 
values are shown after the ± symbol. DCMU: 40 µM. 
 
 




Figure 3. 24. Low temperature 77 K emission spectra for the spontaneous secondary mutations 
in Psb27. (A) Whole cells excited at 440 nm, normalised to the PS I emission maxima. (B) 
Whole cells excited at 580 nm, normalised to the APC emission maxima. Control (grey, solid 
line), control* (grey, dashed line) and ∆Psb27* (dark blue, dashed line). Data shown are 
averages of three independent biological experiments. 
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In Fig. 3.24A the characteristic emission peaks from PS II are still evident in these spontaneous 
mutant strains. The control* and the ∆Psb27* cells have similar fluorescence emission levels 
to the original control strain upon 440 nm excitation. These spontaneous mutations have a 
minimal effect on the relative levels of PS II to PS I. A similar phenomenon was observed from 
the control and the ∆Psb27 strains (cf. Fig. 3.5A).  
 
Upon the 580 nm excitation, both the control and the control* strains have similar emission 
level and shape observed from the 650 nm emission (Fig. 3.24B). A reduction in the 
fluorescence emission at the 685 nm was observed in the control* strain compared to the 
control and ∆Psb27* cells. The ∆Psb27* mutant obtained an elevated fluorescence emission at 
685 nm compared to the control. The 695 nm emission which can be attributed to the PS II 
shoulder, both the ∆Psb27* and control cells obtained similar emission levels. At the PS I 
emission at 725 nm, it was observed that both the spontaneous mutant strains have a reduction 
in PS I levels compared to the control cells. Overall, there are subtle differences observed in 
the relative stoichiometry levels between PS II and PS I when excited at 580 nm. This trend 
was also observed with the original control and ∆Psb27 strain (cf. Fig. 3.5B). Upon 580 nm 
excitation the energy transfer from the PBS to PS II (and to PS I) are being altered with the 
influence of Psb27.  
 
 
3.4.7. Summary  
 
 
A new phenotype arose in the ∆Psb27 strain and the control strain—giving rise to the ∆Psb27* 
and the control* strains. The new phenotype is very distinct compared to the original 
characterisation of the mutant strains. The ∆Psb27* and the control* strain have altered 
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electron transfer between QA and QB. The influence of the destabilisation of the psb27:slr1646  
operon is now very apparent from the introduction of a new phenotype in the same strains.  
 
 
3.5. Confirmation of the Genotype Results from the Spontaneous Mutants  
 
 
The spontaneous mutation that caused the R54E* cell’s distinctive phenotype was found in the 
D1 protein. Since the control*, ∆Psb27* and R54E* strains all arose through a spontaneous 
mutation, and the fact that they share a similar phenotype of blocked electron transport in the 
QB site, the psbA and psbD genes encoding D1 and D2, respectively, in the control* and 
∆Psb27* strains were sequenced. 
 
3.5.1. Identification of Mutations in the D1 Protein of the Control* and ∆Psb27* 
Strains 
 
The sequencing results of both the control* and ∆Psb27* strains revealed a single point 
mutation in the psbA2 gene in each strain (Fig. 3.25). The control* mutant had a C to T 
substitution; C and T are both pyrimidines, causing a transition mutation. The C to T 
substitution was found in the codon for the Ala251 residue, causing a Val substitution (Fig. 
3.25A). As Ala and Val are both non-polar amino acids, this amino acid change can be 
considered as a conservative replacement.  
 
The ∆Psb27* strain had a T to G substitution; in psbA2: T is a pyrimidine and G is a purine, 
resulting in a transversion mutation. The T to G substitution is found in the codon for Ser264, 
introducing an Ala substitution (Fig. 3.25B). Ser is an uncharged polar amino acid, mutating 
this into an Ala resulted in the removal of the hydroxyl group found in Ser. 
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In the D1 protein, the Ala251 residue is close to the QB binding pocket (Fig. 3.26; Mäenpää et 
al., 1998). The Ser264 residue has been suggested to be involved in the configuration of the 
QB site and involved with the protonation pathway along with the His252 residue (Trebst, 1991; 
Umena et al., 2011). The Ser264 residue forms a hydrogen bond with QB and the His252 
residue. It plays an important role in both plastoquinone binding and stabilising the binding 
pocket. Remarkably, these two residues are part of the DE Loop of the D1 protein. The DE 
loop of the D1 protein is involved as a site of herbicide resistance and bicarbonate binding 
(Govindjee and Shevela, 2011). Modelling the point mutations in PyMOL show an obstruction 
in the QB binding pocket. Highlighting that the appearance of these spontaneous mutations 






Figure 3. 25.  Confirmation of the presence of mutations of the gDNA of spontaneous Psb27 
point mutants in the psbA2 background (A) Sequencing results for the control* strain, a single 
point mutation (GCC>GTC) corresponding to an Ala to Val substitution. (B) Sequencing 
results for the ∆Psb27* strain, a single point mutation (TCT>GCT) corresponding to a Ser to 





Figure 3. 26. Crystal structure of the D1 protein from T. vulcanus. A magnified view of the DE 
loop region (green) can be shown in the box, highlighting the spontaneous point mutations of 
D1:Ala251 to Val (yellow) and D1:Ser264 to Ala (pink). Prosthetic groups are shown as stick 
models; QA (blue); QB (pink), the non-heme iron (orange sphere), and the water (red spheres). 
The bound bicarbonate cofactor is also shown. Figure prepared by using PDB 4UB8 and drawn 
with PyMOL (DeLano, 2001). 
  
 
This is not the first time a spontaneous mutation has appeared in the psbA2 gene. Therefore, 
these sets of sequencing results have further confirmed that the psb27:slr1646 operon has a 
relationship with D1 turnover. 
 
To further establish the genotype of the ∆Psb27* and control* strains, the psb27:slr1646 region 
in each strain was sequenced. The strains were sequenced with the appropriate primers to 












Figure 3. 27. Confirmation of Synechocystis 6803 ∆Psb27* strain. (A) Gene context of psb27. 
Primers are indicated by the red arrows and their respective letters. (B) Verification of psb27 
∆Psb27* strain through PCR. Lane M: 1 kb Plus DNA marker (Invitrogen, USA). Lane 1 and 
Lane 2: ∆Psb27*. Primer A is Psb27_LF_Rev and Primer B Psb27_RF_Fwd (Table 2.1). 
Primers A and B were used to amplify psb27 genomic region in ∆Psb27* strain. 
 
The ∆Psb27* strain was sequenced using a PCR reaction (Figure 3.27A,B). By verifying the 
PCR using gel electrophoresis, the PCR product obtained was the expected size (Fig. 3.27B; 
cf. Fig. 3.2). Therefore, the deletion of the psb27 gene is still present in this mutant strain, 











Figure 3. 28. Confirmation of Synechocystis 6803 psb27 control* strain. (A) Gene context of 
psb27. Primers are indicated by the red arrows and their respective letters. (B) Verification of 
psb27 control* strain through PCR. Lane M: 1 kb Plus DNA marker (Invitrogen, USA). Lane 
1 and Lane 2: control*. (C). Schematic of the sequencing results of psb27 control* strain 
analysed from SnapGene®. A magnified view of the sequencing results can be seen in the box. 
Primers are indicated by the red arrows and their respective letters. Primer A is Psb27_fwd and 
Primer B Psb27_rev (Table 2.1). Primers A and B were used to amplify psb27 genomic region 
in control* strain. 
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The psb27:slr1646 operon, incorporating the spectinomycin-resistance cassette, was checked 
in the control* strain using a PCR reaction (Figure 3.28A,B). Through the verification of the 
PCR using gel electrophoresis, it was discovered that the PCR product obtained was less than 
the expected size (Fig. 3.28B; cf. Fig. 3.3). The control* strain was re-sequenced with primers 
specific to the upstream and downstream region of psb27:slr1646 operon to confirm that the 
genomic context in this region had not been altered (Fig. 3.28A). Here sequencing analysis 
from SnapGene® have shown that the spectinomycin-resistance cassette is missing (Fig. 
3.28C) in the control* strain. However, the psb27 gene remains relatively intact, regardless of 




3.5.4. Sequencing the Control* Strain with the Internal Spectinomycin Primers to 
Locate the Presence of the Spectinomycin-Resistance Cassette in the psb27 




Figure 3. 29. Confirmation of the presence of the spectinomycin-resistance cassette in 
Synechocystis 6803 psb27 control* strain. (A) Gene context of psb27. Primers are indicated by 
the red arrows and their respective letters. Primers are indicated by the red arrows and their 
respective letters. Primer A is SpecR_seq_US and Primer B SpecR_seq_DS (Table 2.1). 
Primers A and B were used to amplify the upstream and downstream region of spectinomycin-
resistance cassette. (B) Verification of psb27 control* strain through PCR. Lane M: 1 kb Plus 
DNA marker (Invitrogen, USA). Lane 1 and Lane 2: control*.  
 
Notably, the control* strain can be grown and maintained on spectinomycin-containing 
selective media. Because of which the control* strain was sequenced with internal 
spectinomycin primers to confirm the presence of the spectinomycin-resistance cassette (Fig. 
3.29A).  Through the verification of the PCR using gel electrophoresis, it was discovered that 
the PCR product obtained was the expected size for the spectinomycin-resistance cassette (Fig. 
3.29B). Comparing the PCR products obtained from both PCR reactions (cf. Fig 3.28C; Fig. 
3.29B), the total product size would equal the expected the product size from the original 
control strain (cf. Fig. 3.3).  
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The resultant PCR product questioned whether the exact location of the spectinomycin-
resistance had been perturbed as a consequence of the spontaneous secondary mutation. And 
whether the Synechocystis 6803 genome is in fact heterozygous.   
 
3.5.5. Sequencing the Control* Strain with a Combination of psb27 and 
Spectinomycin-Resistance Cassette Primers to Locate the Upstream and 




Since the control* strain showed signs of heterozygosity in the Synechocystis 6803 genome. It 
was important to inspect the original design of the psb27 control strain mutagenesis system. 
There was a focus on sequencing the upstream and downstream regions of the spectinomycin-





Figure 3. 30. Confirmation of the location of the spectinomycin-resistance cassette in 
Synechocystis 6803 psb27 control* strain. (A) Gene context of psb27 specifically pinpointing 
the location of the spectinomycin-resistance cassette. Primers are indicated by the red arrows 
and their respective letters. (I) The initial PCR product focused on the upstream region of Psb27 
and the spectinomycin-resistance cassette. Primer A is Psb27_fwd and Primer B is 
SpecR_seq_US (Table 2.1). (II) The second PCR product focused on the downstream region 
of the spectinomycin-resistance cassette and slr1646. Primer C is SpecR_seq_DS and Primer 
D is Psb27_rev (Table 2.1). (B) Verification of the two different PCR products through PCR. 
Lane M: 1 kb Plus DNA marker (Invitrogen, USA). Lane 1, Lane 2 and Lane 3: upstream 
region of Psb27 and the spectinomycin-resistance cassette. Lane 4, Lane 5 and Lane 6: 
downstream region of the spectinomycin-resistance cassette and slr1646. The control* strain 
was used for all PCR products. 
 
Utilising the verification of the PCR product through gel electrophoresis, there were two PCR 
product reactions that took place during this analysis. The initial PCR reaction focused on the 
upstream region of the psb27 gene and the spectinomycin-resistance cassette. The resultant 
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PCR product was the expected product size obtained from the upstream region (Fig. 3.30B, 
Lane 1 – 3). The second PCR reaction sequenced focused on the downstream region of the 
spectinomycin-resistance cassette and the slr1646 gene. The resultant PCR product was the 
expected product size obtained from the downstream region (Fig. 3.30B, Lane 4 – 6). Through 
verification of these PCR products using gel electrophoresis. It was confirmed that the 
spectinomycin-resistance cassette should be found in the exact location of where it was 
originally placed in the original mutagenesis system (cf. Fig. 3.30; Fig. 3.3; Appendix II).  
 
Since the control* strain and control strain both have different phenotypic and genotypic 
results. The design of the control* strain mutagenesis system should be re-examined with a 
focus on the interruption of the spectinomycin-resistance cassette in the psb27:slr1646 operon.  
 
 




Sequencing analysis from Geneious revealed that interrupting the slr1646 gene with a 
spectinomycin-resistance cassette generated an amino acid substitution. The control* strain had 
a G to C substitution; G is a purine and C is a pyrimidine, resulting a transversion mutation. 
The G to C substitution is found in the codon for Ala43, causing a Pro substitution (Fig. 3.31). 
As Ala and Pro are both non-polar amino acids, this amino acid change can be considered as a 
conservative replacement. However, Pro has a distinctive cyclic side chain that is known to act 





Figure 3. 31. The overlapping consequence of inserting the spectinomycin-resistance cassette 
in the slr1646 gene. The gene context of psb27. A magnified view of the point mutation change 
in slr1646 can be seen in the box. 
 
3.5.7. Summary  
 
The psb27 gene overlaps the slr1646 RNase III gene by four nucleotides (Fig. 3.1). Singh 
(2017) created the original control strain by inserting the spectinomycin-resistance cassette in 
slr1646, effectively interrupting the slr1646 gene function. Upon initial characterisation the 
interruption of slr1646 did not have a major impact on the photoautotrophic growth and 
physiological characterisation of the control strain (Section 3.1).  
 
During the course of the study, a spontaneous point mutation arose creating the control* strain. 
The physiological characterisation and sequencing results of the control* mutant revealed; a 
point mutation change in the D1 protein (Fig. 3.25B), the loss of the spectinomycin-resistance 
cassette in the psb27:slr1646 operon (Fig. 3.28B), the heterozygosity of the Synechocystis 6803 
genome, and the introduction of a single point mutation change in the slr1646 gene causing an 




This thesis investigated the role of the highly conserved and the well-studied lipoprotein Psb27. 
Psb27 has a dual role in both PS II assembly and repair (Roose and Pakrasi, 2004; Nowaczyk 
et al., 2006; Wei et al., 2010). This lipoprotein has been studied through numerous modelling 
studies to deduce potential binding sites and how it interacts with both the intermediate and 
mature complexes of PS II. Liu et al. (2011) stated the putative cross-link between Psb27 and 
CP43, that was further investigated in Section 3.3. Cormann et al. (2016) suggested that the 
Psb27 protein interacted with the mature D1 protein. There have also been links with Psb27 
homologues in higher plants that may be involved in D1 processing during recovery from 
photodamage (Cormann et al., 2016). The PS II Assembly frequently occurs because this 
enzyme continually undergoes a cycle of damage and repair. Because of its normal function, 
the D1 membrane protein of PS II is irreversibly damaged, and it has to be replaced with a 
newly synthesised copy. During the repair cycle, the complex is at least partially dissembled 
as the damaged D1 protein is proteolytically removed. Key events in the reassembly pathway 
include the integration of a newly translated precursor D1 protein (pD1) with a C-terminal 
amino acid extension. Then the cleavage of the pD1 protein. Followed by the assembly of the 
catalytic manganese cluster and, finally, the binding of several extrinsic proteins on the lumenal 
side of the complex (Chen et al., 2006; Roose and Pakrasi, 2008; Wei et al., 2010). 
 
Continuing from the work of Mabbitt (2013) and Singh (2017), this study has supported the 
involvement of Psb27 with the D1 protein. This conclusion occurred because of the 
spontaneous mutations that have happened in the psbA2 gene in strains carrying modification 
either in the Psb27 protein or in the operon encoding the psb27 gene. These spontaneous 
mutations have furthered our understanding of the role of Psb27 in PS II, and suggested an 
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important influence of the slr1646 gene, encoding a RNase III, which is found in the same 
operon. 
 
4.1. General Conclusions from the Study 
 
4.1.1. The Design of the psb27 Mutagenesis System 
 
 
There are several ways to design a mutagenesis system to enable mutants to be constructed to 
study the role of Psb27 or to create mutants lacking the Psb27 protein. For example, through 
interrupting the psb27 gene (Bentley et al., 2008) or deleting the gene region (Fig. 3.2; Roose 
and Pakrasi, 2008; Jackson et al., 2014). These mutagenesis systems produced a similar 
phenotype for the resulting ∆Psb27 strains; that inactivating the psb27 gene did not impact 
photoautotrophic growth, nor did it affect the physiological function, which was summarised 
in Section 3.1. The differences observed from the ∆Psb27 strain and wild type are subtle. The 
most apparent phenotype was in room temperature variable chlorophyll a fluorescence 
induction, where the ∆Psb27 cells exhibited an increased  fluorescence emission amplitude on 
a chlorophyll a basis when compared to the wild type (Fig. 3.6).  
 
The Psb27 control strain was not studied to a great extent in the literature compared to the 
∆Psb27 strain. Thereby the reference for the control strain phenotype was obtained from 
previous work from Mabbitt (2013) and Singh (2017). Singh (2017) constructed an alternative 
mutagenesis system, and his mutagenesis system interrupted the slr1646 gene, which overlaps 
the psb27 gene by four nucleotides. Because of this overlap, the psb27 gene and slr1646 
ribonuclease exist as one operon. Singh’s mutagenesis system destabilised the operon by 
interrupting the slr1646 gene with the spectinomycin-resistance cassette (Fig. 3.3).  
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Initial characterisation of Singh’s control strain produced a similar phenotype to wild type: 
deeming this mutagenesis system was stable enough to introduce point mutations in the psb27 
gene to further investigate the role of Psb27 in PS II.  
 
The initial results from both the ∆Psb27 strain and the control strain led to the conclusion that 
deleting and re-introducing psb27 had a limited effect on overall PS II function. As noted 
above, deleting the psb27 gene led to a similar phenotype to wild type (Bentley et al., 2008; 
Roose and Pakrasi, 2008; Jackson et al., 2014).  
 
4.1.2. The Role of Selected Conserved Residues in Psb27 
 
 
The Psb27 protein has a high degree of sequence conservation, and these residues were of 
interest because of its evolutionary benefit. There was a focus on surface residues as these 
residues have a high likelihood of interacting with other PS II proteins. The selected residues 
were Arg54, Arg94, and Glu98. Charge reversal point mutations were introduced to disrupt 
any potential interaction. The amino acid sidechain of Arg is always protonated and positively 
charged at physiological pH (pH 7.5). The point mutation change occurred from a positively 
charged Arg to a negatively charged Glu. The stability of the recombinant Psb27 protein and 
Psb27 point mutants were tested to ensure that they had similar thermal denaturing stabilities 
to the native protein. Therefore, the misfolding of the protein could be ruled out as the reason 
for any observed phenotype (Mabbitt et al., 2013). 
 
The strains that were created were the R54E, R94E and E98R mutants. The physiological 
experiments with these mutants can be found in Chapter 3, Section 3.2. A unique phenotype 
that was observed was that the R54E and R94E strains developed elevated variable PS II 
fluorescence emission. This particular phenotype was observed from two assays, and the data 
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complement each other. The assays are low temperature 77 K fluorescence emission 
spectroscopy and room variable chlorophyll a fluorescence induction. These assays focused on 
the direct excitation of chlorophyll a, which led to the phenotype of elevated fluorescence 
emission. In contrast, the E98R strain exhibited a similar phenotype to the control strain. 
Therefore, the introduction of a point mutation change in the Glu98 residue did not disrupt any 
proposed interactions which is understandable since the Glu98 residue is protected in the 
binding interface of CP43 (Mabbitt et al., 2013).  
 
Psb27 is involved in conformational changes on the donor side (Avramov et al., 2020; Zabret 
et al., 2020). Arg54 was found on the surface of the α2 helix, whereas both the Arg94 and 
Glu98 residue are found in the α4 helix. It can be implied that these surface residues have a 
role in stabilising the interaction of Psb27 with CP43, with recent data from Huang et al. (2021 
in press) stating that their structure has specific interactions formed in the α2 and α3 helices 
of Psb27 that interact with the E-loop of CP43, and also the loop region between α3 and α4 
helices of CP43. Along with an indirect role of the Mn4CaO5 cluster assembly (Avramov et al., 
2020; Zabret et al., 2020; Huang et al., 2021 in press). A single point mutation change have 
led to a distinctive phenotype; and disrupting these conformational changes have led to 
increased light capture hence the high variable fluorescence (Fig. 3.12) and the altered PS II: 
PS I stoichiometry (Fig. 3.11).  
 
As the psb27 gene and slr1646 ribonuclease exist as one operon, the introduction of a point 
mutation change in the psb27 gene may have led to a dual disruption effect, thereby 




4.1.3. The Role of the Psb27 Lys63 Residue 
 
 
This study introduced point mutation changes in the proposed Psb27-Lys63 that was inferred 
to cross link with Asp231 of CP43 (Liu et al., 2011). Point mutation changes were made to 
disrupt the possible interaction. From the creation of these point mutants, the K63R strain was 
incorporated a conservative point mutation change, as both Lys and Arg are positively charged 
amino acids, and the proposed salt-bridge interaction with CP43-D231 therefore most likely 
remained stable. Although they both function as basic residues, the Arg residue provided the 
protein structure with more stability than Lys owing to its geometric structure (Sokalingam et 
al., 2012).  
 
Since the K63R strain was considered a conservative point mutation change, the K63R strain 
can be compared to behave like the control strain. The physiological results from the K63R 
strain (Chapter 3, Section 3.3) have shown that there is no visible impairment in the 440 nm 
excitation from the low temperature 77 K fluorescence emission spectra, and the overall PS II: 
PS I stoichiometry was not affected by these amino acid changes.  
 
However, there is one notable phenotype observed from the K63R strain that was a “dip” 
followed from its fluorescence emission trace with the treatment of DCMU (Fig. 3.19). The 
treatment with DCMU led to the fluorescence emission to rise to a level that led to QA- 
accumulation during the 0.015 s timepoint. And towards the final time point of 0.6 s to 10 s, 
the fluorescence level “dipped” to a level similar to the control strain. This was seen in the 
fluorescence trace with treatment of DCMU, therefore this observed “dip” does not involve QA 
and QB, and the PQ pool. This phenomenon can reflect the regulatory distribution of light 
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excitation energy, which are attributed to state transitions between PS II and PS I (Kaňa et al., 
2012). Leading to the preferential excitation of PS I, inducing a State I transition.  
This was observed from room temperature chlorophyll a fluorescence, changes in PS II 
fluorescence can only be measured (Calzadilla and Kirilovsky, 2020). As cells are excited at 
440 nm, and preferentially absorbed by the chlorophyll antennae. Under these conditions, the 
changes observed are mainly related to processes occurring in the membrane chlorophyll 
antennae and the reaction centres (Calzadilla and Kirilovsky, 2020). There was no evidence in 
the low temperature (77 K) fluorescence emission spectra to support this interpretation as the 
PS II: PS I stoichiometry was unaffected (Fig. 3.18).  
 
In contrast, the creation of the K63D strain was designed to create a charge swap to disrupt the 
salt bridge interaction. Unexpectedly, sequencing the mutant in this study it was discovered 
that this strain contained a frameshift mutation. This frameshift introduced an interruption in 
the psb27 gene, and therefore the strain was renamed K63Dtrunc. The interruption observed in 
the K63Dtrunc strain can be compared to an interruption of psb27 and hence created a similar 
∆Psb27 mutant to that created by Bentley et al. (2008). The creation of the K63Dtrunc strain 
was caused by complication in the mutagenesis system. However, the physiological results of 
the K63Dtrunc (Chapter, Section 3.3) have shown that despite the truncation in the gene, there 
is no apparent phenotype observed from K63Dtrunc. As it behaved like the interruption ∆Psb27 
strain from Bentley et al. (2008).  
 
4.1.4. Spontaneous Secondary Mutations Arising in Psb27 
 
 
During the study, a spontaneous secondary mutation arose in the ∆Psb27 strain and the control 
strain, these new strains were named the ∆Psb27* and the control* strains. To denote these 
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new strains asterisks were used. The physiological experimental results with these strains were 
summarised in Chapter 3, Section 3.4. It was evident from the dramatic phenotype observed 
from the fluorescence assays, compared to the initial results observed from Chapter 3, Section 
3.1. These new strains have a visible impairment in the acceptor side of the reaction centre. 
The unique phenotype that arose in the strains is distinct and widely different from the original 
characterisation of these strains. These strains were sequenced against the appropriate gene 
backgrounds of the D1 and D2 core proteins. The D1 protein is coded by the psbA gene; with 
three copies present in Synechocystis 6803 (Mohamed and Jansson, 1989). In Synechocystis 
6803, psbA2 is constitutively expressed while psbA3 is expressed under high light conditions 
(Mohamed et al., 1993) and psbA1 is expressed under low-oxygen conditions (Summerfield et 
al. 2008). The D2 protein is encoded by psbDI, found in the psbDI/C operon, and the psbDII 
(Golden et al., 1989; 1990). From the sequencing results, the spontaneous mutations arose in 
the DE-Loop region of the D1 protein, encoded by the psbA2 gene.  
 
The control* strain had a C to T substitution in the psbA2 gene leading to a D1:Ala251 to Val 
substitution creating a A251V mutant. While the ∆Psb27* obtained a substitution from T to G 
in the psbA2 gene leading to a D1:Ser264 to Ala substitution creating a S264A strain. 
  
The D1:Ala251 residue is widely studied in herbicide resistance studies. Whereas the 
D1:Ser264 residue accepts a hydrogen bond from D1:His252. Moreover, it is often involved 
in the stabilisation of QB. In theoretical studies, proton uptake by D1:His252 causes 
reorientation of the hydroxyl group of D1:Ser264 toward the distal QB carbonyl group and 
stabilises QB•-, facilitating the initial electron transfer from QA to QB (Saito et al., 2013). 
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These independent examples of specific mutations in the psbA2 copy of the psbA gene in 
Synechocystis 6803 infer that Psb27 has a relationship with D1 or the machinery encoding the 
psbA copy of D1 and in fact that D1 turnover is affected, which is why the DE-loop region is 
specifically targeted at the protein level. In each case, electron transfer between QA and QB, is 
impaired.  
 
4.1.5. Repeated Findings of Secondary Mutations in the D1 Protein Spontaneous 




The ∆Psb27 strain has been widely studied in literature, Avramov et al. (2020) stated that 
Psb27 facilitates photoactivation of the water-oxidising complex (WOC) in a more complex 
manner than simply displacing extrinsic proteins from apo-PS II. This study is a continuation 
of the work done by both Mabbitt (2013) and Singh (2017). Furthermore, these repeated 
findings that have occurred in all three studies have led us to believe a potential interaction 
between Psb27 and the D1 protein.  
 
From this study, the strains of interest are the ∆Psb27*, the control*, R54E and R94E strains. 
This section of the discussion will re-iterate previous results to emphasise the phenomenon 
occurring in the Psb27 mutant strains. Both Mabbitt and Singh employed two different 
mutagenesis systems that have produced strains with impaired electron transfer between QA 
and QB (Appendix I and II). 
  
From Mabbitt’s unpublished experimental results, he obtained a phenotype in the surface-
exposed residue R94E. This strain produced a phenotype that had impaired electron transfer in 
the acceptor site of the reaction centre. Mabbitt’s R94E strain was not sequenced with 
the psbA2 gene background. At the time this experimental result was deemed as a spontaneous 
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discovery, and it was not further investigated. However, his study conclusion alluded to an 
impairment in the D1 protein (Appendix III).  
 
Singh’s mutagenesis system produced a few mutant strains with a phenotype that showed 
altered electron transfer between QA and QB. Moreover, the sign of impairment in the reaction 
centre led to sequencing the entire genomic background (Singh, 2017). 
 
The original R54E mutant that developed a spontaneous mutation was renamed as the R54E* 
strain (Fig. 3.21). The R54E* strain has a unique phenotype because of its impaired electron 
transfer between QA and QB. The R54E* strain’s sequencing results revealed a C to A 
substitution in the psbA2 gene corresponding to a His252 to Gln mutation. The D1:His252 
residue is suggested to be the residue responsible for binding a proton to stabilise QB in the 
site, therefore a point mutation change in the area would disrupt the structural configuration of 
the QB site. It is hypothesised that the His252 residue in the D1 protein is involved in the first 
protonation of QB- (Crofts et al., 1987). The structural rearrangement of the second point 
mutation of D1-H252Q would therefore disrupt the first protonation event (Fig. 4.1). The 
D1:Ser264 residue stabilises the structure of the QB site by participating in H-bonding to 
D1:His252 (Tietjen et al., 1991; Kimura et al., 2020). Which can be seen in its involvement in 






Figure 4.  1. Diagram of the hydrogen bond network – the bicarbonate-binding environment of 
PS II. The non-heme iron is shown as the orange ball. The QA and QB quinones are shown in 
green. Highlighted amino-acid residues are shown as sticks, and all residues are numbered 
according to PDB 4UB6. D1 residues are shown in blue, D2 residues are shown in yellow. The 
CP43 residue is shown in magenta. Red spheres indicate waters and is the bicarbonate (BCR). 
Oxygen atoms in the amino acids, quinones and BCR are shown in red. Nitrogen atoms are 
shown in blue. Black dashed lines represent hydrogen bonds with distances of 3.3 Å or less, 
however, the distance between the waters W616 and W624 and D1:H252 were 4.5 and 4.3 Å, 
respectively. The backbone residues have been omitted for clarity unless they participate in the 
hydrogen-bond network. The figure was drawn using PyMOL (DeLano, 2001). Adapted with 
permission from Forsman et al. (2019a). Copyright 2019 BBA Bioenergetics. 
 
 
4.1.6. Spontaneous Mutations in the D1 Protein: A251V and S264A 
 
 
There have been four separate instances in Psb27 has led to a spontaneous secondary point 
mutation in the psbA2 gene. This has occurred in different circumstances, whether through the 
creation of the control strain, or a deletion strain or simply through the introduction of a point 
mutation change in the psb27 gene. How the spontaneous secondary point mutation arose is 
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still a mystery. But alterations in the levels or forms of the psb27 gene may have an effect on 
the formation of these spontaneous mutants. There are numerous potential hypotheses involved 
that have led to the creation of these spontaneous mutations. Four separate instances of 
mutations, specifically in the DE-Loop region, have led us to believe that this is not purely a 
spontaneous point mutation event.  
 
The simplest hypothesis involves herbicide resistance. The location of these secondary 
mutations is in the DE-Loop region of the D1 protein. Mutations in this region have previously 
been identified with herbicide resistance, as the QB-binding pocket is also the binding domain 
of several classes of herbicides (Tischer and Strotmann, 1977; Perewoska et al., 1994). The 
maintenance of Synechocystis 6803 cells was performed by growing the cells on plates in the 
presence of atrazine, which is a common herbicide. Atrazine was used in cell maintenance to 
ensure that the cell can grow photoheterotrophically. However, the cells were maintained on 
the plate with a low concentration of atrazine. It can be a hypothesised that the maintenance of 
cells for a prolonged time-period has led to these spontaneous secondary mutations.  But it is 
not a strong hypothesis. 
 
In Chlamydomonas reinhardtii, cyanobacterial species and in higher plants, the residue 
D1:Ser264 is commonly substituted into an Ala (Erickson et al., 1985; Crofts et al., 1993). The 
D1:Ser264 contributes to the binding of inhibitors of the urea-like herbicides (DCMU) and the 
triazine-type (atrazine) family to the QB-binding site by hydrogen bonding of its side chain 
hydroxyl group to the NH group in the herbicide (Petrouleas and Crofts, 2005). In 
Synechocystis sp. PCC 6714 and C. reinhardtii the substitution of an Ala to Val at position 
D1:Ala251affects the sensitivity of the species to herbicides (Johanningmeier et al., 1987; 
Perewoska et al., 1994).  
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These two mutations that occur in the D1 protein, A251V and S264A have marked slowing of 
kinetics for the reduction of plastoquinone to the bound semiquinone (Petroules and Crofts, 
2005). Electron transfer between QA and QB is slower, albeit because of weaker binding at the 
QB site, the loss of the -OH on the D1:Ser264 might be expected to result in a weaker binding 
or binding to an alternative site (Petrouleas and Crofts, 2005). The D1-Ala251 residue is not 
involved in the H-bond network, but the D1-Ser264 residue is involved (Fig. 4.1). Herbicide 
resistance occurs, when the quinone can bind even in the presence of the herbicide (Erickson 
et al., 1985).  
 
Damage to PS II is aggravated if either electron transfer from the OEC to P680 is impaired 
(causing long-lived P680+), or the production of ROS (Forsman et al., 2019a). This may 
provide a selection pressure for some electron transfer leak on the acceptor side that is provided 
by altering the efficiency of atrazine binding and its inhibition of electron transfer. 
 
However, this hypothesis alone is not strong enough to be the cause of these secondary 
mutations. This hypothesis can only account for the presence of the secondary mutations in the 
DE-Loop region. This has not been a common occurrence, as this phenomenon has not 
occurred in other mutants maintained on atrazine-contained plates.  
 
4.2. Overarching Themes Observed from This Study 
 
 
4.2.1. The psb27:slr1646 operon 
 
The ∆Psb27 strain and the psb27 mutant strains were found to be highly susceptible to 
suppressor or secondary mutations (Bentley et al., 2008; Jackson et al., 2014). The rise of these 
suppressor mutations can be an alternative mechanism for the cells to cope with stress. Bentley 
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et al. (2008) reported that the ∆PsbM:∆Psb27 double mutant was not able to assemble PS II 
beyond an intermediate without CP43. This strain was later sequenced and was revealed to 
have a spontaneous mutation in the second transmembrane helix of CP43 (Jackson et al., 2014). 
A secondary point mutation in another location could allude to a potential interaction.  
  
The Psb27 protein has a dual role in the assembly of PS II and the repair cycle of PS II following 
photodamage, and this role has been studied amongst cyanobacteria and higher plants (Roose 
and Pakrasi, 2004; Nowaczyk et al., 2006; Wei et al., 2010). In comparison, the ribonuclease 
III slr1646 gene has not been thoroughly investigated in Synechocystis 6803; however, slr1646 
has homologues with other RNase III genes in prokaryotes. RNAse III is universally conserved 
in eubacteria, and it is widely studied in E. coli and S. aureus (Court et al., 2013; Gordon et 
al., 2017; Bechhofer and Deutscher, 2019). It is involved in several different functions relating 
to gene expression, especially involving the turnover of mRNA. In other cyanobacterial 
species, knocking out the slr1646 homologue did not produce a phenotype in Synechococcus 
sp. PCC 7002. These three RNase III homologs are not essential under standard growth 
conditions and have been deleted in all combinations (Cameron et al., 2015; Gordon et al., 
2018). Which was the reasoning behind interrupting the RNase III gene slr1646; however, 
destabilising the RNase III has influenced the Psb27 mutant strains (Mitschke et al., 2011). 
 
The four nucleotides that overlap between psb27 and slr1646 is unique to Synechocystis 6803. 
This overlapping sequence may have contributions to the function of both these genes. 
Furthermore, the use of this sequence may provide an evolutionary advantage due to the 
opportunity for transcriptional and translational co-regulation of these overlapping genes. 
There is an untapped ribonuclease regulatory network to be explored in Synechocystis 
6803. The overlap may have an evolutionary benefit due to them operating as one operon, 
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however this is only found in Synechocystis 6803.  The recurring mutations in point mutants a 
as well as the ∆Psb27 and the control strains may suggest an involvement with the operon and 
the repair pathway.  
 
The introduction of the spectinomycin-resistance cassette occurred because of a BamH1 
restriction site (Fig. 3.3; Fig. 3.30). A consequence of introducing the BamH1 restriction site 
led to a G to C substitution in the Ala43 residue of the slr1646 gene, mutating into a Pro. The 
slr1646:Ala43 residue is 65% conserved in the prokaryotes (Appendix IV).  
 
The interruption in the psb27:slr1646 operon may have caused it to be downregulated, 
ultimately affecting the mRNA turnover affecting the amount of psb27 produced and  this may 
have resulted in an insufficient level of Psb27 to sustain normal rates of PS II assembly or 
repair leading to the response in the psbA2 gene and the introduction of mutations in the DE-
Loop region of D1. The DE-Loop is a significant region because it is the first site of damage. 
Other studies have shown that other forms of damage, such as high light exposure results in 
the elevated association of psbA mRNA with polysomes (Tyystjärvi et al., 2001; Bentley, 
2008). Introducing the BamHI site in an area that it a potentially conserved domain may have 
affected the RNase III activity because of the introduction of the Pro.  
 
4.2.2. Heterozygosity in the Synechocystis 6803 Genome 
 
Synechocystis 6803 has multiple copies of its genome, and when creating a mutant strain, it is 
crucial to ensure that the mutants have properly segregated. Fully segregated mutants ensure 
that the mutation is present/absent from all copies of the genome (Eaton-Rye, 2011). When 
strains are not able to segregate, the gene-targeted may be crucial. Initial mutagenesis and 
characterisations have shown that the ∆Psb27 and the control strain have been segregated 
(Singh, 2017). However, it can be possible that these strains existed as an intermediate form. 
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It would appear from this study that interrupting the slr1646 gene with a spectinomycin-
resistance cassette eventually made the cells “kick-out” the antibiotic-resistance cassette, but 
it is still able to grow in spectinomycin-selective media, this implies that the cells had become 
heterozygous (Fig. 3.28; Fig. 3.29; Fig. 3.30).  
 
Interestingly the psbA2 gene remained intact. While my results indicate a few copies of the 
genome still have the antibiotic-resistance cassette present, the heterozygosity of the 
Synechocystis 6803 genome observed in the strains in this project indicate that the RNAase III 
may be essential in Synechocystis 6803 or that the appropriate level of transcription of the 
operon is crucial for survival in Synechocystis 6803. 
 
4.2.3. Psb27 and its Interaction with CP43 
 
Numerous studies in the literature propose the binding site of Psb27 to different PS II 
complexes (Fagerlund and Eaton-Rye, 2011; Liu et al., 2011; Mabbitt et al., 2013; Cormann 
et al., 2009; 2016; Zabret et al., 2020; Huang et al., 2021 in press). PS II assembly and repair 
would not be achievable without numerous interactions in a stepwise manner. Mainly since PS 
II is a multimeric complex and the overall architecture, including the protein-protein 
interaction, dictates the cooperative assembly process.  
 
Prior to this study, the experimental techniques have greatly evolved in localising Psb27 to the 
pre-assembly CP43 complex and the manganese cluster. From cross-linking proteins by the 
water-soluble protein cross-linking agent EDC (Liu et al., 2011), to a combination of chemical 
cross-linking and mass spectrometry (CX-MS) (Cormann et al., 2016), and finally to utilising 
Cyro-EM to solve PS II-Intermediate (PS II-I) structures (Zabret et al., 2020). The consensus 
is that Psb27 binds to Loop E of CP43 (Liu et al., 2011; Cormann et al., 2016; Avramov et al., 
2020; Zabret et al., 2020; Huang et al., 2021 in press). Loop E of CP43 protrudes into the 
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thylakoid lumen and directly contacts both PsbO and the Mn4CaO5 cluster as confirmed in the 
X-ray-derived crystal structure of PS II from Thermosynechoccus vulcanus (Umena et al., 
2011). 
 
Some structural rearrangement must occur that coordinates the interaction between Psb27 and 
the intermediate complex. Psb27 binds to the lumenal side of the PS II complex, adjacent to 
Loop E of the CP43 subunit (Liu et al., 2011; Zambret et al., 2020). The stabilisation of Loop 
E of CP43 in the unassembled state facilitates its binding to the D1 subunit. Loop E of CP43 
provides the residues Arg345 and Glu342, which are the two ligands involved with the Mn 
cluster in mature PS II. When Psb27 is bound to the PS II-I, the D1 C terminus is already 
directly involved in the coordination of the Mn4CaO5 cluster (Umena et al., 2011; Zabret et al., 
2020). The Psb27 protein enhances the stabilisation of intermediates with the accessibility of 
the site of cluster assembly, especially for Ca2+ ions, thereby shifting the optimal ratio of Mn2+ 
and Ca2+. This facilitation of photoactivation likely occurs allolesterically via its interaction 
with the lumenal E-loop of CP43, which is beside the D1, that provides a ligand to the mature 
Mn4CaO5 (Avramov et al., 2020).  
 
Psb27 that is already attached to free CP43 (or the CP43-pre-complex), might protect CP43 
from degradation, thereby stabilising the E-loop in a specific conformation to facilitate the 
subsequent association with the RC47 complex. This step is crucial for preparing the binding 
site of the Mn4CaO5 cluster as the CP43 E loop provides two ligands of the cluster, as noted 
above.  
 
Avramov et al. (2020) shows that there is an important but not essential indirect involvement 
between Psb27 and the Mn4CaO5 cluster. Zabret et al. (2020) and Huang et al. (2021 in press) 
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show that Psb27 binding does not overlap with the OEC binding site. But Psb27 binding does 
influence the formation of the OEC, i.e. that it facilitates photoactivation. Most likely by the 
conformational change that is indicated by Zabret et al. (2020).  
 
New structural insights from Huang et al. (2021 in press) have stated an interaction between 
the α2 and α3 helices of Psb27 and CP43. Moreover, combining the results from Chapter 3, 
Section 2 and Section 3,  have potentially led to the conclusion that this study may have 
disrupted Psb27’s role in facilitating the binding of the OEC. Furthermore, the downstream 
effect of disrupting the binding of the OEC has led to the problems that gave rise to ROS and 
ultimately giving rise to the secondary mutations in the D1 protein. 
 
4.2.4. Psb27 and its Interaction with the D1 Protein 
 
 
The mechanisms underlying the selective translation of psbA mRNA to provide D1 for PS II 
repair remains obscure. There is the appearance of selective mutations in the vicinity of His 
252 of D1 in the various strains in the present study suggests there might be a connection with 
the psb27:slr1646 operon that interacts with elongation factors that affect psbA translation. 
Chotewutmontri and Barkan (2020) have shown that light triggers this response by causing D1 
damage. The DE-Loop region, along with a PEST-like sequence in the loop might be involved 
in the rapid turnover of the D1 protein (Mulo et al., 1997). These studies have revealed an 
exciting relationship between D1 protein degradation and the psbA gene transcription and 
translation, pointing to feedback regulation of psbA gene expression in Synechocystis 6803 
(Mulo et al., 1997). 
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The repair of PS II requires the synthesis of proteins de novo, particularly of the D1 protein 
(Adams et al., 1987). Protein synthesis under intense light is inhibited by oxidation of the 
elongation factors EF-Tu and EF-G in Synechocystis 6803 (Ejima et al., 2012; Jimbo et al., 
2018; 2019). In Synechocystis 6803, it seems plausible that strong light-inducible promoters 
might control the expression of genes for EF-Tu and EF-G. Protein synthesis is sensitive to 
oxidative stress due to ROS that is abundantly produced in the photosynthetic machinery under 
intense light (Nishiyama et al., 2001; 2004; Jimbo et al., 2019). In Synechocystis 6803, EF-Tu 
and EF-G have been identified as critical targets of ROS in the translational machinery, and 
these elongation factors are inactivated via oxidation of specific cysteine residues. The 
oxidation-sensitive cysteine residues in EF-Tu and EF-G act as regulators that transiently 
depress protein synthesis under severe substantial light stress. Moreover, the oxidation-
sensitive cysteine residue Cys28 in EF-Tu is strongly conserved from cyanobacteria to higher 
plants (De Laurentis et al., 2011). The light-induced expression of EF-Tu might play essential 
roles in the protection and control, not only of photosynthesis but also of other physiological 
activities since it affects protein synthesis globally (Jimbo et al., 2019).  
  
In the case of higher plants, in mature plant chloroplasts, light stimulates the recruitment of 
ribosomes specifically to psbA mRNA to provide nascent D1 for PS II repair and also triggers 
a global increase in translation elongation rate. Chotewutmontri and Barkan (2020) presented 
data indicating that the light-induced recruitment of ribosomes to psbA mRNA is triggered by 
D1 photodamage. In contrast, the global stimulation of translation elongation is triggered by 
photosynthetic electron transport. PS II repair, and psbA translation, suggests an autoregulatory 
mechanism in which the light-induced degradation of D1 relieves repressive interactions 
between D1 and translational activators in the complex. 
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The PS II repair cycle is of interest because of its importance to maintaining photosynthesis. 
Ultimately there has been considerable progress in studying the mechanisms between D1 
disassembly and the factors that lead to D1 assembly (re-incorporation) into PS II. However, 
the underlying mechanisms on the selective translation of psb mRNA to provide D1 for PS II 
repair remain obscure. There is a consensus view that psbA translation for PS II repair is 
regulated at the elongation step (Tyystjärvi et al., 2001).  
  
In Arabidopsis thaliana, the genes OHP1, OHP2, and HCF244 form a stable 
(HCF244/OHP1/OHP2) complex with PS II RC subunits (Li et al., 2019). Their results suggest 
that this complex strongly suggesting that they are involved in the biogenesis of the PS II RC 
complex (Li et al., 2019). 
 
Chotewutmontri and Barkan (2020) proposed an HCF244/OHP1/OHP2 complex in A. thaliana 
chloroplasts which functions in both PS II assembly and psbA translational activation, serving 
as the hub of an autoregulatory mechanism that links D1 synthesis to the need for nascent D1 
during PS II repair and biogenesis. Light-induced recruitment of ribosomes to psbA mRNA is 
likely triggered by D1 damage, whereas a product of photosynthesis may trigger the plastome-
wide increase in translation elongation rate. Light induces a general increase in translation 
elongation rate via electron-transport-induced changes in pH (Chotewutmontri and Barkan, 
2020). 
 
In A. thaliana PS II damage is the trigger for the synthesis of D1 for repair following 
photodamage and this is similar to the situation supported from studies in cyanobacteria 
(Chotewutmontri and Barkan, 2020). A. thaliana has two copies of Psb27 homologues, one of 
In Arabidopsis thaliana, two different copies of Psb27 are present; one copy is required for D1 
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processing and involved in PS II biogenesis and stabilisation, whereas the other copy has a role 
in the repair of photodamaged PS II (Chen et al., 2006; Hou et al., 2012). However, the 
response in cyanobacteria is believed to be primarily at the transcriptional level 
(Chotewutmontri and Barkan, 2020; Chotewutmontri et al., 2020).   
  
As slr1646 is part of the RNase III family, and with its primary function involved in gene 
regulation, there is reason to believe that slr1646 is involved with psbA translation machinery 
in Synechocystis 6803. The 5’ UTR of the psbA2 transcript in Synechocystis 6803 is short and 
contains a conserved Shine-Dalgarno sequence (Mohamed et al., 1993). The SD sequence 
functions as a cis element determine the binding of ribosomes on mRNA in gram-negative 
bacteria (Tyystjärvi et al., 2001). The primary role of RNase III in E. coli RNA metabolism is 
a direct reflection of its specificity for cleaving dsRNA substrates (Bechhofer and Deutscher, 
2019). The enzyme functions in the maturation of rRNA where it cleaves in the double-
stranded regions that bracket the 16S and 23S rRNAs to convert the primary transcript into 
shorter intermediates (Sirdeshmukh and Schlessinger, 1985). Although RNase III is not 
essential for these reactions, as cells are able to grow in the absence of RNase III, which can 
have led to the heterozygosity in the Synechocysits 6803 genome. The absence of RNase III 
leads to the accumulation of a 30S rRNA precursor molecule and aberrant processing and 
accumulation of incompletely processed, yet functional 23S RNA species (King et al., 1984; 
Bechhofer and Deutscher, 2019). If this holds true for Synechocystis 6803, this may have led 
to secondary mutations found in the psbA gene.  
 
There are other ribonucleases in Synechocystis that are spread across in the genome (Cameron 
et al., 2015). One RNA of interest is slr1984; it is a PNPase (polynucleotide phosphorylase). 
It is involved in mRNA processing and degradation in bacteria and higher plants (Yehudai-
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Resheff et al., 2007). This RNA is of interest because of (with relation to its gene context) it is 
close to psbA3 and dnaG, which is a gene for a DNA primase (Forsman et al., 2019b). DnaG 
synthesises a single RNA primer at the origin of replication. This primer serves to prime 
leading strand DNA synthesis. There is evidence in the literature that the transcription activity 
of the psbA1, psbA2, and psbA3 genes in Synechocystis 6803 is related to the turnover rate of 
the D1 protein (Mulo et al., 1997; Tyystjärvi et al., 1996; 2001). The steady-state amount of 
these transcripts in Synechocystis 6803 is also determined by the stability of the transcripts 
(Mohamed and Jansson, 1991; Tyystjärvi et al., 2001).  
 
The earlier part of the discussion has emphasised the potential downstream effects interrupting 
slr1646 has on psb27 gene function and ultimately affecting its role in PS II assembly and 
repair. The ∆Psb27 strain was created by knocking out the gene and therefore replacing it with 
the chloramphenicol-resistant cassette—the inactivation of the psb27 gene will likely have 
affected the transcription of slr1646.  
 
Fluorescence-based assays that studied PS II function was responsible in uncovering the 
phenotype, that led to the subsequent investigation of the stabilisation of the psb27:slr1646 
operon. Making psb27 mutant strains in the psb27:slr1646 operon, have altered the 
transcription signal at a ribosomal level, that have led to the consistent appearance of a mutation 
in the D1 protein. The structural destabilisation of the psb27:slr1646 operon is the likely 
hypothesis which led to the secondary mutations in psbA2.   
 
4.3. Future Directions 
 
This study has opened a new area of research for the lipoprotein Psb27 in Synechocystis 6803. 
There are several avenues that should be investigated that will further our understanding of 
 111 
Psb27’s role in PS II assembly and repair. The Psb27 protein can be further studied using 
photoinhibition assays (Tyystjärvi, 2013) along with other experiments such as BN-PAGE, 
2D-PAGE, western-blots, and mass spectrometry which would further reveal the steps where 
Psb27 is being incorporated into PS II.  
 
Future studies that focus on the cyanobacterial species Synechocystis 6803 should begin by 
producing a single knockout of the slr1646 gene, and a double knockout of the psb27:slr1646 
operon. As the four nucleotides that overlap between the two genes are found in Synechocystis 
6803, deleting the psb27 assembly factor and the RNase III slr1646 gene would be 
hypothesised to produce a phenotype in the cell. If the earlier discussion holds true, there will 
be an effect also observed with the psbA gene, as there is a putative ribosomal feedback 
pathway involved between the psb27:slr1646 operon and the psbA gene.   
 
In other cyanobacterial species, it will be of interest to investigate other RNase III genes as 
many cyanobacterial species have now had their genomes sequenced (Cameron et al., 2015). 
It will be important to elucidate whether the RNase III proteins in cyanobacteria have a similar 
function to those observed from E. coli or B. subtilis. This is especially the case since the arrest 
of translation elongation that prevents the synthesis of excess D1 protein in Synechosystis 6803 
is probably a conserved regulatory mechanism occurring not only in cyanobacteria but 
potentially also in the chloroplast (Tyystjärvi et al., 2001). As ribosomal proteins regulate their 
own synthesis at the level of translation initiation (Dean et al., 1981), investigation of other 
ribosomal proteins could be undertaken through comparative genomics and also ribosomal 
profiling (Chotewutmontri et al., 2020). This approach could be combined with phylogenetic 







To conclude, this study has furthered our understanding of the lipoprotein Psb27. Investigating 
the gene context of this protein, has highlighted a four nucleotide overlap that is unique to 
Synechocystis 6803. Fluorescence-based assays were used to study PS II function in mutants 
carrying targeted mutations that modified conserved surface residues on Psb27 that were 
hypothesised to interact with PS II during biogenesis. Charge reversal point mutations at highly 
conserved residues have led to a remarkable phenotype of elevated fluorescence and altered 
PS II: PS I stoichiometry. Additionally, utilising an alternative mutagenesis system has 
highlighted the appearance of spontaneous secondary suppressor mutations in the psbA gene. 
The results of this study are consistent with the hypothesis that the psb27:slr1646 operon has 
a role in D1 turnover, and protection from photodamage in mutants having altered levels (or 
forms) of Psb27. This research supports the conclusion that psb27:slr1646 exists as one operon 
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Appendix I: Harvinder Singh’s Mutagenesis System (2017) 
 
 
The following section is a description of the mutagenesis strategies employed in Synechocystis 
6803 by Singh (2017). For the creation of the psb27 deletion strain and the creation of the 
psb27 control strain.  
 
1.1. Construction of the psb27 deletion strain by Singh (2017) 
 
 
The ∆Psb27 strain was created using overlap fusion PCR. A 2.0 kb chloramphenicol-resistance 
cassette (CmR) was inserted in the psb27 gene, effectively deleting a portion of the gene. To 
construct the plasmid for deletion of psb27, the upstream and downstream flanking regions of 
psb27 were amplified with Psb27_FwdA and Psb27_RevB primers (Chapter 2, Table 2.1). The 
primers Psb27_LF_Rev and Psb27_RF_Fwd contain overhangs complementary to the 
sequence of the chloramphenicol acetyltransferase gene (CAT) i.e. the chloramphenicol-
resistance cassette (Appx. 1.1 II), which was derived from pBR325 (Bolivar, 1978). The 
chloramphenicol-resistance cassette was amplified in a separate PCR reaction using primers 
CmR_Fwd and CmR_Rev, which contain overhangs complementary to the psb27 gene 
(Chapter 2.A). The products of these PCR reactions were mixed and amplified, ultimately 
making a fusion PCR product, which was ligated into a pGEM-T vector (Promega, Madison, 
USA) (Appx. 1.1 III). The resulting construct was transformed into wild-type Synechocystis 





Appendix 1. 1. Schematic of the construction of the Synechocystis 6803 psb27 deletion strain. 
(I) Psb27 and the neighbouring genes (Chapter 3, Fig. 3.1). (II) Construction of the deletion 
strain through overlap extension PCR. Primers used are indicated by the red arrows and their 
respective letters. Primer A is Psb27_FwdA, Primer B is Psb27_LF_rev, Primer C is 
Psb27_RF_fwd, Primer D is Psb27_RevB. Regions upstream or downstream of psb27 were 
amplified using the primer sets AB or CD, respectively. Psb27_LF_rev and Psb27_RF_fwd 
had overhangs that were complementary to the chloramphenicol-resistance cassette (CmR). 
Primers B’ is CmR_fwd and C’ is CmR_rev (complementary to primers Psb27_LF_rev and 
Psb27_RF_fwd) were used to amplify the CmR. The PCR products (AB, B’C’, and CD) were 
mixed and amplified to create the psb27 deletion construct (ABCD). (III) The resulting 









Appendix 1. 2. Schematic of the construction of the Synechocystis 6803 psb27 control strain. 
(I) psb27 and the neighbouring genes (Fig. 3.1). (II) Construction of the Psb27 control strain. 
Primers used are indicated by the red arrows and their respective letters. Primer A is 
Psb27_fwd, Primer D is Psb27_rev. Primers A and D were used to amplify the upstream and 
downstream region of slr1644 and slr1647, respectively. Primer B is Psb27_BamH1_fwd, and 
Primer C is Psb27_BamH1_rev. Primers B and C were used to introduce the spectinomycin-
resistance cassette (SpecR) in slr1646. (III). The resulting plasmid pPsb27Control-SpecR. 
 
The template for constructing the mutagenesis system for the control strain was based on the 
earlier construct of p∆psb27-CmR (Appx. 1.1; Singh, 2017). A 1.9 kb DNA fragment 
containing the psb27 gene, as well as the surrounding regions were amplified by PCR using 
primers Psb27_fwd and Psb27_rev (Chapter 2, Table 2.1) (Appx. 1.2 A II). The PCR product 
was subcloned into the pGEM-T vector (Promega, Madison, USA). Primers 
Psb27_BamH1_fwd and Psb27_ BamH1_rev (Chapter 2, Table 2.1) were used to clone the 
spectinomycin-resistance cassette (SpecR) (Appx. 1.2 II). The spectinomycin-resistance 
cassette was derived from the plasmid pHP45Ω (Prentki and Krisch, 1984). To introduce the 
spectinomycin-resistance cassette, a BamH1 restriction site was introduced 124 base pairs 
downstream of psb27 and therefore inserting the spectinomycin-resistance cassette in slr1646 
essentially inactivating the slr1646 gene. The plasmid created was named pPsb27Control-
SpecR. The pPsb27Control-SpecR plasmid was transformed into the ∆Psb27 strain (Appx. 1.1 
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III), thereby creating the control strain, the complete segregation and verification were 
confirmed through standard PCR (Chapter 3, Fig. 3.3 B).   
 
 




Appendix 1. 3. Schematic of the mutagenesis system for the Psb27 control strain. The 
spectinomycin-resistance cassette (SpecR) was introduced upstream of slr1644.  
 
To construct a control strain for a mutagenesis system, the antibiotic resistance cassette is often 
placed adjacent to the gene of interest. In consideration that there is no interference involved 
that could affect any nearby genes. Mabbitt (2013) mutagenesis system was designed to avoid 
destabilizing the apparent operon between psb27 and slr1646. The spectinomycin-resistance 
cassette was introduced upstream of slr1644. When he characterised his control strain, there 
was no impairment in the photoautotrophic growth nor did it impact PS II activity (Mabbitt, 
2013). 
 
The purpose of showing Mabbitt (2013) mutagenesis system is to compare his system to Singh 
(2017). Mabbitt’s mutagenesis system did produce a strain with an altered electron transport – 








Appendix 1. 4.. Room temperature chlorophyll a fluorescence decay and induction of Mabbitt’s 
R94E*. (A) Fluorescence decay without the addition of DCMU. (B) Fluorescence decay with 
the addition of DCMU. (C) Fluorescence induction without the addition of DCMU. Control 
(black, solid line), R94E* (blue, solid line). F: fluorescence value at the time, Fo: initial 
fluorescence level. FM: maximum fluorescence. DCMU: 40 µM. 
 
This is Mabbitt’s unpublished experimental results of his R94E* strain. This was the first 
instance of a potential secondary suppressor mutation in the psbA gene. Phenotypically 
Mabbitt’s R94E* strain has a similar phenotype to what was observed in Singh’s (2017) R54E* 
(Fig. 3.21) strain and the ∆Psb27* and control* strains (Fig. 3.22) that was observed in this 
study. Mabbitt’s R94E strain was not further investigated therefore it its genotype cannot be 
compared to other strains. 
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Appendix 1. 5 . Alignment of slr1646 with other prokaryotes. This was a small alignment with 
other prokaryotes to showcase the area where the point mutation change was as a result of the 
BamH1 site. In the box is the conservation of the residue slr1646:Ala43. 
 
The residue Ala43 in slr1646 is only 60% conserved with other prokaryotes. However, 
Geneious alignment results have revealed that a potentially conserved domain has been hit as 
a result of this point mutation change. 
 
Appendix V: R Script for Analysis 
 
R script for low-temperature fluorescence data analysis (440 nm) 
 
#Read list of .csv files in directory filenames<-list.files(pattern='*.csv', ignore.case=TRUE) 
filenames 
Number_Rows=203 ## Data from 579 to 780 nm 
Raw_Array=matrix(nrow=Number_Rows,ncol=1) 
for(i in 1:203) 
Raw_Array[i,1]=i+598 Baseline_Corrected_Array<-Raw_Array PSI_Normalised_Array<-
Raw_Array 
#Open each file and add data (column 3) to matrix 
for (i in filenames) 
{Raw_Data<-read.csv(i, header=FALSE, sep=",", 
col.names=c("Wavelength", "UnUsedColumn", 
gsub(".csv", "", i, ignore.case=TRUE), "UnUsedColumn")) 
Sample_Data<-as.matrix(Raw_Data[,3]) 
 146 





x<-Raw_Array[,1]-500 #Remove 500 nm from wavelength - keeps parameters of similar 
magnitude 










#Formula for the baseline -> power function - for lack of a better alternative? 
Calculated_Baseline<-function(Wavelength,a,b,c){ 
# a*exp((-b/1000)*Wavelength)+c a*10*Wavelength^(-b/10)+c 
} 










#Ballpark starting values, plus upper and lower - only used for "Port" algorithum 
Start_params<-(list(b1=500,b2=10,b3=-5, 
pa1=50,pb1=727,pc1=10, pa2=25,pb2=685,pc2=5, pa3=15,pb3=695,pc3=4, 
pa4=5,pb4=645,pc4=5, pa5=5,pb5=665,pc5=5, pa6=5,pb6=760,pc6=5)) 
Upper_params<-(list(ub1=1000,ub2=100,ub3=30, ua1=80,ub1=730,uc1=25, 
ua2=50,ub2=688,uc2=7, ua3=50,ub3=698,uc3=10, ua4=10,ub4=655,uc4=10, 
ua5=10,ub5=670,uc5=20, ua6=20,ub6=780,uc6=50)) 
Lower_params<-(list(lb1=100,lb2=5,lb3=-25, la1=5,lb1=720,lc1=2, 








Data_To_Fit <- data.frame(x = x, y = y) 
#Plot the data on a graph to start with 
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#plot(Data_To_Fit$y ~ Data_To_Fit$x, main = "Fitted data", type = "l", # xlim=c(100, 300), 
ylim=c(0, 100)) 
###Data fitting section 
Fit_Data<-function(y,Sample_Number){ 
#plot(x,y, type="l") 
# Change data to a data frame 
Data_To_Fit <- data.frame(x = x, y = y) 
#Debugging - print the data series 
#str(Data_To_Fit) 
Model_Spectra <- nls(y ~ Simulated_Spectra(x, b1, b2,b3, 
pa1, pb1, pc1, pa2, pb2, pc2, pa3, pb3, pc3, 
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pa4, pb4, pc4, pa5, pb5, pc5, pa6, pb6, pc6), 




control=nls.control(maxiter = 5000, tol = 1e-04, minFactor = 1/1000, printEval = FALSE, 
warnOnly = TRUE) ) 
summary(Model_Spectra) 
plot(Data_To_Fit$y ~ Data_To_Fit$x, main = filenames[Sample_Number], type = "l", 
xlim=c(100, 300), ylim=c(0, 100)) 
#Extract fitted values 
Fit_Parameters<-coef(Model_Spectra) 
#Draw the baseline on the graph 
lines(x,Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Paramet 
ers["b3"]),col="green") 
#Draw each individual peak on the graph 




#Draw simulated spectra on graph 
lines(x, fitted(Model_Spectra), lty = 1, col = "magenta") 
lines(x, y- 
(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b 3"])), 






#Fit an individual spectrum 
Fit_Data(Raw_Array[,3]*100,1) 
#Fit all csv files - 1st column is the wavelength data 













dir.create("Output", showWarnings = TRUE, recursive = FALSE) 
sub(".csv", "", <- sub(".csv", "", 
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R script for low-temperature fluorescence data analysis (580 nm) 
#Read list of .csv files in directory filenames<-list.files(pattern='*.csv', ignore.case=TRUE) 
filenames 
Number_Rows=183 
#Create matrix with first row as wavelength 
Raw_Array=matrix(nrow=Number_Rows,ncol=1) 
for(i in 1:Number_Rows) 
Raw_Array[i,1]=i+598 Baseline_Corrected_Array<-Raw_Array PSI_Normalised_Array<-
Raw_Array 
#Open each file and add data (column 3) to matrix for (i in filenames){ 
Raw_Data<-read.csv(i, header=FALSE, sep=",", col.names=c("Wavelength", 
"UnUsedColumn", 
gsub(".csv", "", i, ignore.case=TRUE), "UnUsedColumn")) Sample_Data<-
as.matrix(Raw_Data[,3]) 







x<-Raw_Array[,1]-550 #Remove 500 nm from wavelength - keeps parameters of similar 
magnitude 








#Formula for the baseline -> power function - for lack of a better alternative? 
Calculated_Baseline<-function(Wavelength,a,b,c){ 
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#Ballpark starting values, plus upper and lower - only used for "Port" algorithum 
Start_params<-(list(b1=125,b2=20,b3=-2, 
pa1=5,pb1=617,pc1=3, pa2=40,pb2=650,pc2=5, pa3=50,pb3=665,pc3=5, 
pa4=50,pb4=685,pc4=5, pa5=50,pb5=695,pc5=5, pa6=25,pb6=727,pc6=10, 
pa7=5,pb7=755,pc7=10)) 
Upper_params<-(list(ub1=1000,ub2=100,ub3=30, ua1=25,ub1=620,uc1=7, 
ua2=80,ub2=655,uc2=7, ua3=80,ub3=670,uc3=10, ua4=80,ub4=688,uc4=8, 
ua5=80,ub5=698,uc5=8, ua6=50,ub6=735,uc6=50, ua7=20,ub7=770,uc7=50)) 
Lower_params<-(list(lb1=100,lb2=5,lb3=-25, la1=2,lb1=612,lc1=2, 








Data_To_Fit <- data.frame(x = x, y = y) 
#Plot the data on a graph to start with 
#plot(Data_To_Fit$y ~ Data_To_Fit$x, main = "Fitted data", type = "l", 
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# xlim=c(100, 300), ylim=c(0, 100)) ###Data fitting section Fit_Data<-
function(y,Sample_Number){ #plot(x,y, type="l") 
# Change data to a data frame 
Data_To_Fit <- data.frame(x = x, y = y) 
#Debugging - print the data series 
#str(Data_To_Fit) 
#Actual data fitting call 
Model_Spectra <- nls(y ~ Simulated_Spectra(x, b1, b2,b3, 
pa1, pb1, pc1, pa2, pb2, pc2, pa3, pb3, pc3, pa4, pb4, pc4, pa5, pb5, pc5, pa6, pb6, pc6, pa7, 
pb7, pc7), 





control=nls.control(maxiter = 5000, tol = 1e-04, minFactor = 1/1000, printEval = FALSE, 
warnOnly = TRUE) ) 
#print out some info 
summary(Model_Spectra) 
plot(Data_To_Fit$y ~ Data_To_Fit$x, main = filenames[Sample_Number], type = "l", 
xlim=c(50, 250), ylim=c(0, 100)) 
#Extract fitted values 
Fit_Parameters<-coef(Model_Spectra) 
#Draw the baseline on the graph 
lines(x,Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Paramet 
ers["b3"]),col="green") 
#Draw each individual peak on the graph 




#Draw simulated spectra on graph 
lines(x, fitted(Model_Spectra), lty = 1, col = "magenta") 
lines(x, y- 
(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b 3"])), 










#Fit all csv files - 1st column is the wavelength data for (d in 
2:(Number_Of_Samples[2]+1)){ 
Model<-Fit_Data(Raw_Array[,d]*100,d-1) 













dir.create("Output", showWarnings = TRUE, recursive = FALSE) 























Fo=<200us,400us..800us> ab=<10us,20us..40us> a=<50us,75us..150us> 
b=<200us,250us..500us> c=<600us,700us..1000us> d=<1.5ms,2ms..5ms> 
e=<6ms,7ms..10ms> f=<12.5ms,15ms..50ms> g=<60ms,70ms..250ms> 
h=<275ms,300ms..500ms> i=<600ms,700ms..1500ms> j=<1.75s,2s..5s> 
k=<5.5s,6s..10s> Timepoints=ab|a|b|c|d|e|f|g|h|i|j|k Light=1ms ; Actinic Flash 
; Act. light interval ; PreFlash 
<- 
; Include standard options, don't remove it ! ; Measur.light voltage 
; Act. light voltage 
; Define Fo measurment 
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Measure=Light+Timepoints ; Reoxidation Kinetics Fo|Measure=>mfm1 
<Light>=>A1 
 
R Script for Fluorescence relaxation 
; QA- Reoxidation - generated by wizard ; Version MS 2.1.0.1 MeasuringFlash=3us 
MeasurDelay=2us 







PRE-DEFINED PARAMETERS <init>=>FastMode(0),Gain1(100) 
; TIMING DEFINITION Fo=<200us,400us..800us> a=<50us,75us..150us> 
b=<200us,250us..500us> c=<600us,700us..1000us> d=<1.5ms,2ms..5ms> 
e=<6ms,7ms..10ms> f=<15ms,20ms..50ms> g=<60ms,70ms..100ms> 






f5=200ms Measure=Flash1+Timepoints Measure2=Measure+15us Fo2=Fo+15us 
Fo|Measure=>mfm1 Fo2|Measure2=>m1 <Flash1>=>F1 <Flash1>=>A1 
; Define Fo measurment 
;<f2>=>F1 ;<f2>=>A1 ;<f3>=>F1 ;<f3>=>A1 ;<f4>=>F1 ;<f4>=>A1 ;<f5>=>F1 
;<f5>=>A1 
; Actinic Flash ; Actinic Flash 
; include standard options, don't remove it ! 
; Actinic Flash ; Actinic Flash ; Actinic Flash 
 
